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FOREWORD 
 

Since the ancient ―smoke signal‖ that transmits signals in free space by color of the 

smoke over long distance, the principle and technique for communication has been one of the 

most concerned subjects of sceince and technology, among which optical methods have been 

playing important roles by encoding signals into visible light and redirecting the ―optical 

signal‖ to certain receivers. The invention of highly coherent light source —―laser‖ —by 

Theodore Maiman in 1960 had no doubt led to the revolution of human‘s ability of 

manipulating light for numerous applications, among which the idea of guiding laser pulses in 

low-loss optical fibers proposed by Kao and Hockham in 1966, initiated the long-haul and 

high-bandwidth modern optical communication, as well as many other applications including 

fiber-optic sensing, imaging and power delivery.  

As one of the most important invention in the 20th century, optical fibers have been very 

successful in handling light passively or actively for a variety of applications covering almost 

all aspects of optical, or more generally photonic technology from the generation, 

propagation, amplification, modulation, conversion and detection of light. While the 

conventional fiber-optic technology have been well-established, the growing demand on 

better fiber-optic systems and the rapid progress in related technology (e.g., nanotechnology), 

have spurred great efforts for pushing forward the fiber optics. It is clear that, with the 

increasing confinement of light from free-space propagation to guided modes in an optical 

fiber, the bandwidth of optical communication drastically increases. This is also true for 

enhancing the sensitivity of optical sensing, the resolution of optical imaging, and many other 

performances of optical technology. Usually, a better confinement of light yields a more 

powerful optical technology.  

For fiber optics, a better confinement enables better manipultion of light on time, spatial 

and energy scales, e.g., faster response, smaller footprint, and lower power consumption. 

Technically, the better confinement in an optical fiber may come from either a new 

waveguiding mechnisms or a new structure (or material), as have been constantly 

demonstrated since the early years of fiber optics. The contents of this book continues the 

renovation of fiber optics in a graceful manner. By enclosing waveguiding mechanisms from 

linear optical waveguide theory, near-field interaction to soliton dynamics in optical fibers, 

the Book covers a wide range of recent progresses in fiber optics. Especially, the newly 

emerging microfiber optics, the fiber-based MEMS devices, new advances in fiber Bragg 

gratings, polymer fibers, soliton propagation in optical fibers, fiber optical sensors, new 

WDM access for the last-mile technology and fiber connection techniques, will attracting a 

broad readship — the relevance of fiber optics to a range of disciplines, including physics, 
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materials, photonics, electronics and nanotechnology. The broad interests, will in turn, push 

farward the fiber optics and technology in multidisciplinary areas, and bring a brighter future 

for manipulating light with optical fibers.  

 

Limin Tong 

 

State Key Laboratory of Modern Optical Instrumentation, Department of Optical 

Engineering 

Zhejiang University 

Hangzhou, China 
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PREFACE 
 

The optical fibers are the technological innovation that revolutionized the way we 

communicate. The development of the optical fiber technology started from the earliest 

studies and pioneering experiments on total internal reflection and passed through several 

technological advancements, concurring to the achievement of modern optical fiber devices 

and systems for communication and sensing applications.  

In 1840s Colladon and Babinet demonstrated the propagation of light down through jets 

of water via total internal reflection. Immediately, their discovery had a low impact and the 

main exploitation was limited to the realization of decorative fountains. In the following 

years, Tyndall brought wide attention to this light guidance phenomenon. In his lectures at the 

British Royal Society (1854), Tyndall produced fascinating optics experiments elucidating the 

total internal reflection of the light through stream of falling water.  

Tyndall‘s experiments, although featured by educational purposes, had the merit to 

stimulate research efforts to guide light with more control than could be achieved in a jet of 

water.  

Attempts to exploit total internal reflection in the medical industry were also successively 

performed. Bent rods of glass were used to illuminate internal organs by Roth and Reuss at 

Vienna (1888). In the following years, the possibility to guide light in glass rods was 

variously proposed for lighting and imaging applications. 

Nevertheless, the fiber optic technology made significant steps forward only in the 

second half the nineteen century. In the 1950s there was the first all-glass fibrescope for 

medical applications (H. H. Hopkins and N. S. Kapany (1954)). 

In the 1966, C. K. Kao concluded its study on ―Dielectric-Fibre Surface Waveguides for 

optical frequencies‖ envisaging that ―a fibre of glassy material (…) represents a possible 

practical optical waveguide with important potential as a new form of communication 

medium‖. He was talking about the low losses optical fibers (or better about a ―dielectric-

fibre waveguide (…) with a circular cross-section‖) as presently used in optical fiber 

communication systems. The term ―fiber optic‖ was not still widely used even if it has been 

introduced shortly before by N. S. Kapany in an article in Scientific American in 1960. 

Successively, the fiber optic technology experienced a considerable grown pushed by the 

research efforts to improve the light transportation capability. Driven by the ever-increasing 

global communications demands, the manufacture of optical fibers led to the modern single 

mode optical fibers featured by high transparency, great flexibility, broad transmission 

window, high reliability and durability. 
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As optical fibers cemented their position in the telecommunications industry and its 

commercial markets matured, significant efforts were carried out by a number of different 

research groups around the world to exploit them also in sensing applications. 

In parallel with optical fiber technological developments, novel optical fiber components 

were proposed and investigated (fiber Bragg gratings, optical fiber interferometers,.. ) to 

control the optical wave propagation and to produce new effects in the optical fiber (Raman 

and Brillouin scatter, solitons propagations, fast and slow light, … ) with the aim to manage 

the interaction of the light, either by improving the optical fiber communication 

characteristics and by offering optical fiber sensing devices with new functionalities and 

superior performances. 

Furthermore, a large set of special optical fibers were proposed and demonstrated, 

ranging from plastic optical fibers, Bragg fibers to specific fibers such as double core optical 

fibers and D shaped fibers and many others constructed for specific applications. Among 

them, the Photonic Crystal Fibers (PCFs) deserve particularly to be mentioned, because they 

attracted great attention and generated renewal research efforts on the optical fiber technology 

since the end of the nineteen century. Shortly after the first solid core PCFs, brought to the 

general attention by Knight et al. in 1996, the first example of Hollow-core Optical Fibers 

(1999), exploiting photonic bandgap guidance (instead of total internal reflection), was also 

demonstrated.  

In the recent years, a new concept is emerging in the scientific community dealing with 

the possibility to use optical fibers as platform to develop all-in-fiber multimaterial and 

multifunctional optical devices and systems for both communication and sensing applications. 

The key feature of these new optoelectronic devices relies on the proper integration of 

specific materials into the same optical fiber in order to attain advanced functionalities within 

a single optical fiber.  

All-in-fiber optical devices are also increasingly investigated as highly integrated 

solutions for the development of components and sub-systems suitable to be incorporated in 

advanced optical communication and sensing systems. 

Nowadays, the research and the development on the optical fiber technology is very wide 

and diversified. A multitude of aspects are singularly investigated by high number of 

researches with different scientific background. Topics intensively addressed involve the 

design and development of novel configurations of optical fibers, the exploitation of novel 

light manipulation mechanisms with optical fiber platforms, the assessment of novel 

fabrication process as well as the realizations of optical fiber components and systems for 

communication and sensing applications. The integration of advanced functional materials 

with the optical fiber is also addressed for the realization of optical fiber sensors and 

actuators.  

This book is a collection of contributions by renowned scientists in the optical fiber 

technology field, covering a wide range of recent progresses pertaining to various topics such 

as special optical fibers, non-linear effects in optical fiber, components and devices for 

communication systems as well as optical fiber sensors. Inevitably many aspects are omitted 

but each chapter is a representative example of the latest trends and results in a rapidly 

evolving research scenario.  

This collection is enriched by a few expert commentaries on selected topics, highlighting 

recent innovative developments and a future outlook in the optical fiber technology. 
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EVOLUTIONS OF TRANSMISSION FIBER 
 

 

Masaaki Hirano 
Optical Communications R&D Laboratories, 

Sumitomo Electric Industries, Ltd. 

 

 

Transmission optical fibers are an essential infrastructure to support today‘s Internet Age. 

Optical fiber is composed of a 125-m-diameter silica-based glass and a 250-m-diameter 

resin coating, which has features including high transparency, great flexibility, broad 

transmission window expanding 40 THz at maximum, high reliability and durability. Along 

with the rapid spread of bandwidth-hungry applications including social networking, internet 

video broadcasting, smartphone and cloud storage, large volumes of data are required to be 

transmitted over a long distance. As a corollary, the demand for global telecommunication 

networks continues to increase radically, at about 2 dB/year these days. A straightforward 

way to keep up with the explosive traffic growth is to increase the transmission capacity per a 

transmission fiber with continuous evolutions on transmission systems and fibers. Today, 10 

Tb/s optical systems based on 100 Gb/s symbols have been actively deployed and operated. 

Considering a lot of systems are still based on 10 Gb/s symbols, this upgrade increases a 

capacity by a factor of 10, which may be considered as huge upgrades. Even at 10 Tb/s 

systems, however, the "capacity crunch" will become a possible reality in this or the next 

decade [1] if capacity demands keep increasing on pace, and therefore, continuous evolutions 

on both fibers and systems are strongly desired. 

In this commentary, following historical evolutions, state-of-the-art and future prospects 

of transmission optical fibers will be discussed. 

Historical evolutions of optical fibers shall be reviewed before discussing the future. In 

short, fiber developments are the results for overcoming the dispersion, optical loss and 

nonlinearity along with the innovation of optical, electrical devices and transmission system. 

In the earliest days in the 1970's, multi-mode fiber (MMF) having a step-index profile was 

deployed. Then, graded-index MMF (GI-MMF) was developed to minimize the modal 

dispersion. In a MMF, many guided modes are propagating through the fiber with different 

velocity, which causes a difference of delay time between modes, modal dispersion that 

severely distorts signal pulses. A GI-MMF can reduce the modal dispersion but cannot 

eliminate perfectly. In the 1980s, standard single-mode fiber (SSMF) was developed. As the 
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name suggests, only the fundamental mode can propagate over a SSMF, and of course there is 

no modal dispersion.  

SSMF has a very simple structure with a single 10-m-diameter core. A SSMF has the 

zero-dispersion wavelength around 1300 nm and the lowest attenuation around 1550 nm. In 

order to minimize both the chromatic dispersion and attenuation, dispersion-shifted fiber 

(DSF) that has the zero-dispersion wavelength around 1550 nm was developed in the late 

1980s. For example, DSFs were deployed in Japanese backbone networks based on a time 

division multiplexing (TDM) technology. From the mid-1990s, with a realization of Er-doped 

fiber amplifier (EDFA), a wavelength division multiplexing (WDM) technology utilizing the 

1.55-m-wavelength band enabled the transmission capacity to explosively increase. In 

WDM systems, the four wave mixing (FWM), one of Kerr nonlinear phenomena, is easily 

generated through a DSF that has the zero-dispersion in the signal wavelength band, and the 

FWM severely distorts signal pulses. Therefore, various non-zero dispersion shifted fibers 

(NZ-DSF) were developed to mitigate the Kerr nonlinearities. At around the same time, 

dispersion compensating fiber (DCF) was developed for compensating the accumulated 

chromatic dispersion of a transmission fiber almost perfectly in the EDFA bandwidth. Today, 

the majority of transmission media is a SSMF, especially in the Metro/Access networks. In 

long-haul backbone networks today, SSMF + DCF and NZ-DSF are mainly used. 

State-of-the-art fibers today are low-attenuation and low-nonlinearity fibers. As 

mentioned above, WDM-systems based on 100 Gb/s have been actively deployed, in which 

digital coherent technologies with quadrature phase shift keying (QPSK) are applied. In this 

technology, a digital signal processor (DSP) that can equalize practically any amount of linear 

transmission impairments is utilized [2]. Accumulated chromatic and polarization-mode 

dispersions are no longer obstacles, and therefore optical dispersion compensation in the 

transmission line came to be unneeded; in fact, the larger chromatic dispersion improves the 

transmission capacity and distance [3]. With such electrical signal processing, required 

performances for optics came to be simple, the increasing of optical signal to noise ratio 

(OSNR) [4]. As for fiber characteristics, the lowering of attenuation and nonlinear coefficient 

() are preferable, because the lower fiber attenuation can increase the output power after 

propagating through the fiber, and the lower  can allow the higher input power managing the 

signal impairment due to Kerr nonlinearities. Pure-silica core fiber (PSCF) has the 

attenuation of 0.15 to 0.17 dB/km at 1550 nm [5], which is significantly lower than one 

around 0.19 dB/km of a SSMF doped with GeO2 in the core. The  is inversely proportion to 

the effective area (Aeff), and therefore, the enlargement of the Aeff  is the key issue. Indeed, 

various low-attenuation and large-Aeff fibers have been developed. The challenge in 

realization of Aeff-enlarged fibers is to cope with poor macro- and micro- bending loss 

performance. In order to improve bending loss performance, large-Aeff  fibers employing low 

Young‘s modulus primary coatings and appropriate refractive index profiles including trench-

assisted and W-cladding were proposed [6-10]. 

As a result of developments of both PSCFs and digital coherent systems for an ultra-long 

haul link, e.g. submarine network, an attenuation of ―standard‖ submarine fiber today has 

come to be 0.16 dB/km [11]. The enlarged Aeff  more than 110 m
2
 has been actually 

deployed in the depth of sea for more than 10 years, and we have never experienced troubles. 

For research submarine fibers, the lowest attenuation is 0.1484 dB/km [6] and a huge Aeff  of 

211 m
2
 [7] have been reported. As for the Aeff, practical values will be limited in the range 
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of 130 - 150 m
2
 because of unacceptable bending losses [8-10] with today‘s manufacturing 

technologies. Here the question is, "which is the best fiber for high capacity and long-haul 

transmission?" In order to answer the question, a fiber figure-of-merit (FOM) that can predict 

the degree of improvement on system performance should be known. An analytical fiber 

FOM was developed [12] using the Gaussian noise model for nonlinear interaction [13]. In a 

system with the span length of L [km], the FOM for a fiber having the Aeff  [m
2
], attenuation 

of  [dB/km], chromatic dispersion of D [ps/nm/km] and coupling loss to a repeater sp [dB; 

>0] is described as [12] 

 

    sp
2 3/2Llog10L3/2|D|Aefflog3/10FOM  [dB] , (1) 

 

which are well consistent with transmission experiments. In a submarine link, a practical 

EDFA output is generally limited from +16 to +18dBm because of a limitation of electric 

power supply and broad WDM-bandwidth. In a case for 100 channels, launched power per a 

channel in an actual operation would be limited to -2 dBm/ch. Considering this practical limit 

of launched signal power, it is strongly suggested that the most preferable fiber for a ultra-

long haul transmission would be the fiber having the possible low attenuation and an 

appropriate Aeff in the range of 110 - 140 m
2
, from an analytical Q-factor calculation as a 

function of launched signal power [14]. This is because the lower  results in the lower span 

loss, and therefore, the OSNR is simply improved. On the other hand, FOM improvement 

with the enlarging of Aeff (or the decreasing of ) is depending on the signal power 

enhancement. However, signal cannot be launched higher than its limit determined by the 

EDFA output power, and FOM is saturated at a certain value of an Aeff. As a corollary, mass-

productions of fibers with the record-low attenuation of 0.15 dB/km in [6] and with an 

appropriately-enlarged Aeff are has been strongly desired, and will be possibly has 

successfully realized in the very near future, I believe very recently [15]. 

Future prospects of transmission fibers are discussed finally. A PSCF with the 

attenuation of 0.16 dB/km and the Aeff of 130 m
2
 has about 3 dB higher FOM than one of 

SSMF‘s [12]. If this PSCF is applied, a 16 QAM-based 30 Tb/s system through a single fiber 

over 3,000 km transmission distance would be realized. This huge upgrade will be very 

helpful, but may not be sufficient, if we consider the exponential growth of global internet 

traffic. Therefore, it is anxiously awaited that the advent of innovative fibers over the next 

decade in order to prevent the transmission capacity from crunch, in collaboration with 

innovative transmission schemes. At major conferences for optical communications, various 

innovative fibers have been actively reported along with novel transmission configurations. 

Hereafter, examples of innovative transmission fibers will be briefly reviewed. 

Multi-core fiber (MCF) is considered as a strong candidate of a next-generation 

transmission fiber, and most actively studied today. A MCF has several cores ranging from 3 

to 19 in a single glass cladding, and a space-division multiplexing (SDM) utilizing signals 

individually propagating through each core of a single MCF is expected to dramatically 

increase the transmission capacity. In order to apply a MCF-SDM system to a long-haul 

transmission, there are many technical challenges, such as the reduction of inter-core cross 

talks, the realization of a multi-core EDFA, the realization of a compact fan-in fan-out device, 

and the splicing of MCF to MCF, which has been actively studied to find ways to be solved. 
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One of benefits of MCFs is that MCFs can be employed with ―matured‖ low-attenuation 

production technologies originally developed for PSCF. A MCF having very low attenuation 

of 0.17 dB/km, enlarged Aeff of 120 m
2
, and negligibly small inter-core crosstalks less than 

-42 dB over 80km-long has been reported [16]. The record capacity over a single cladding 

fiber today is 1.01 Pb/s (= 1,010 Tb/s) through a 52km-long 12-core MCF [1517]. As for a 

multi-span transmission, 28.9 Tb/s over 6,160 km through 7-core MCF and 7-core EDFA has 

been demonstrated [1718]. These transmission experiments indicate a great potential capacity 

of MCF-SDM systems. Furthermore, real-time DSPs developed for today‘s digital 

transmission technologies can be fully applied to SDM schemes– if a practical way of 

demultiplexing of SDM signals is found. 

Few-mode fiber (FMF) is another strong candidate. A FMF has 2 to 7 propagation modes 

in a single core, and a mode division multiplexing (MDM) can enhance the total capacity. 

Propagation modes are complicatedly coupled with each other through transmission and 

splicing points, and therefore, a multiple-input and multiple-output (MIMO) algorithm is 

applied to uncouple the modes into the originally launched modes. In FMF-MIMO system, 

many challenges similar to ones of MCF have been yet to be solved. The biggest challenge 

will be an implementation of MIMO-algorithm having high complexity to a real-time 

processor. Skews due to a modal dispersion result in the higher complexity, and designs of 

FMF to minimize the modal dispersion have been actively studied. For example, a FMF 

supporting LP01 and LP11 modes having low loss (0.198 dB/km for LP01 and 0.191 dB/km for 

LP11), low modal dispersion (-0.08 ps/m) and low mode coupling (-25 dB) was developed 

[1819]. 73.7 Tb/s (96 channels x 3 modes x 256 Gb/s) mode-division-multiplexed 

transmission over 119km-long through 3-modes FMFs with inline MM-EDFA was 

demonstrated [1920]. 

Hollow core photonic bandgap fiber (HC-PBGF) has been considered as a functional 

fiber previously, and has been applied to a transmission fiber recently. In HC-PBGF, a signal 

propagates through the air surrounded by honeycomb microstructured glass walls. Compared 

to a solid-core fiber in which a signal propagates through silica-based glass, HC-PBGF has 

great promises of the ultra-low nonlinearity (two orders of magnitude lower) and ultra-low 

propagation delay time or latency (50 % lower). The lowest attenuation bandwidth is around 

2 m, which is suitable for silicon photonics. The 2 m-bandwidth is, however, far from 

today‘s telecom window from 1.3 to 1.6 m, and therefore, all of devices including 

transmitter, receiver, amplifier, coupler, feed-through fiber and fusion splicer have to be 

developed. Overcoming some of above difficulties, the first data transmission at 2 m 

through HC-PBGF with the attenuation of 4.5 dB/km at 1.98 m was demonstrated [2021]. 

The biggest challenge would be the lowering of attenuation to a comparable value to that of 

silica transmission fibers, even though the expected attenuation is 0.13 dB/km [2122]. One 

would recall the failure of fluoride fibers theoretically predicted to have a low attenuation. 

However, the development of HC-PBGF for transmission is just at the starting line; it is 

promising that the performance improvement will be dramatically proceeded. 

Even for innovative ones, transmission fibers shall meet basic requirements from fiber 

users including fiber-cable installers, equipment suppliers and telecom carriers. There are 

many requirements, and some examples are listed as below. 
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i) high volume manufacturing: it is said that the global production of transmission 

fibers is about 250,000,000 km per a year today. It is far longer than the distance 

between the Sun and the Earth of about 150,000,000 km. 

ii) extremely low-cost production: roughly estimated, a price of SSMF may be around 

10 $/km today. You can imagine how cheap it is comparing the price of fishing lines 

(~10 $/100m) or shoelaces (~10 $/10m). 

iii) ultimately high reliability and durability: ―ancient‖ optical fibers installed in ‗80s 

have been still operating for 30 years long. Telecom carriers would hesitate replacing 

such aged fibers because the installation of fiber-cable is very costly. 

iv) compatibility with existing systems: if innovative fibers need completely new 

equipments that cannot be applied to existing fibers, telecom carriers will have to 

replace installed fibers. It would be unrealistic; ―standard‖ transmission fibers have 

been increased the length by 250 milions km year by year! 

v) mixability with existing fibers: because of IV), innovative fibers may be going to be 

deployed together with existing various types of SSMF, DSF, and NZDSFs using the 

same system equipment. Dissimilar splicing of an innovative fiber to an existing 

fiber can be one of the issues. 

 

Finally, it should be noted that MCF, FMF and HC-PBGF have not yet satisfied all of 

user's requirements mentioned above. However, transmission fibers and systems have been 

improved in their performance every 6 months at the major conferences of OFC/NFOEC and 

ECOC, and therefore, the state-of-the-art and innovative fibers stated here will become old-

fashioned in the very near future. 
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Optical fibers have provided an ideal test-bed for nonlinear optics experiments: in spite of 

the relatively weak cubic nonlinearity of silica, the very low level of linear fiber losses 

permits to increase the effective nonlinear interaction lengths up to tens of km. Therefore the 

Kerr nonlinearity of silica optical fibers exhibits a very high figure of merit, coupled with an 

ultrafast response time. Indeed, the intensity-dependent refractive index change of fibers due 

to electronic distortion has a response time of the order of a few fs, which permits for 

example optical pulse compression approaching the single cycle limit. As a matter of fact, one 

of the most successful applications of nonlinear fiber optics is the generation of optical 

solitons, which represent a balance between pulse temporal spreading owing to anomalous 

dispersion, and pulse compression owing to the nonlinear index induced self-phase 

modulation, as proposed by Hasegawa and Tappert as far as forty years ago [1]. The 

nonlinear compensation of dispersive pulse spreading led to their proposal of using solitons as 

ideal communication bits in optical communication systems. As a result, significant 

experimental efforts were dedicated both in the academia and the industry for the 

demonstration of the applicative potential of optical solitons in ultra-long haul 

communication links in the ‗90s [2]. The advent of dispersion compensation techniques, 

either in-line using dispersion compensating fibers, or via electronic pre or post-processing, 

has later on substantially reduced the practical interest in soliton-based communications. On 

the other hand, the optical pulse shaping leading to robust soliton waveforms has been very 

successful in the field of ultrashort pulse fiber lasers, and it represents until today one of the 

most relevant applications of nonlinear optics. 

In spite of its maturity of age, the story of nonlinear fiber optics is not quite over yet: 

exciting new developments are currently been investigated in the scientific community. In 

this commentary we would like to briefly review recent progress in two emerging topics, 
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namely the all-optical control and self-organisation of the state of polarization (SOP) of light, 

and the generation of rogue or freak waves in optical fibers. 

As well known, the cross-interaction among intense beams in a Kerr nonlinear medium 

leads to the mutual rotation of their SOPs. As a result, in a fiber of finite length one may 

observe bistability and multistability in the steady-state distribution of the light SOP [3-4]. At 

the same time, spatial [5] and temporal [6] polarization instabilities and chaos were also 

predicted. The general spatio-temporal stability properties of the nonlinear polarization 

evolution of interacting beams in nonlinear Kerr media were associated by Zakharov and 

Mikhailov [7] to the universal or topological properties of the polarization coupling process, 

in formal analogy with the generation of stable domains of spin waves in ferromagnetic 

materials. Indeed, the formation of stable domains of mutual SOP arrangements may lead to 

all-optical polarization switching phenomena in optical fibers, as experimentally confirmed 

by Pitois et al.[8-9]. 

A related intriguing phenomenon, known as polarization attraction, resulting again from 

the nonlinear SOP interaction of counterpropagating waves, has been explored over the latest 

ten years [10-13]. To explain polarization attraction in simple terms, let us consider a 

backward (say, pump) beam which is injected at one end of the fiber with a well-defined 

SOP. Under certain conditions for the relative powers of the two waves and fiber interaction 

length, it may occur that a forward (or signal) beam, when it is injected at the opposite end of 

the fiber with an arbitrary SOP, emerges with nearly the same SOP as the pump (see 

Figure1). Thus we may say that the nonlinear polarization cross-interaction leads to the 

effective attraction of the signal output SOP towards the input SOP of the pump. The 

experimental demonstration of polarization attraction using two CW beams in long 

telecommunication fiber spans [13] has paved the way for conceiving a new class of devices 

which enable the all-optical and ultrafast control of the light SOP in practical (i.e., at 

relatively low CW power levels) optical communication and laser systems. 

Only recently the equations ruling the SOP interaction of counterpropagating waves in 

randomly birefringent telecom fibers have been derived [14-16]. This enabled a good fit of 

the experimental observations of polarization attraction in long fiber spans [17]. From the 

analytical side, the study of the stationary SOP distributions could reveal that polarization 

attraction is closely linked with the existence of singular tori or separatrix solutions for the 

underlying mathematical models [18]. Yet, a full analytical treatment which explains the 

relaxation of the wave SOPs towards the polarization attractors in a purely conservative (i.e., 

lossless) physical system remains largely elusive to date. Indeed, the main difficulty in the 

analysis of the associated hyperbolic nonlinear partial differential equations is due to the 

presence of appropriate boundary conditions in a medium of finite length. 

Very recent experiments involving the back-reflection of a single intense beam in a span 

of nonlinear telecom fiber with a feedback mirror have also unexpectedly revealed the effect 

of self-polarization attraction or stabilization. In this configuration the beam interacting with 

the back-reflected wave is self-attracted towards circular polarization states at the fiber ouput, 

largely independently of the input SOP orientation [19]. 

The dynamics of extreme waves, known also as freak or rogue waves, is currently a hot 

subject of intensive study in different fields of application, notably including nonlinear optical 

fibers [20-21]. In oceanography, rogue waves are known as a sudden giant deep-water waves 

which lead to ship wreakages. A relatively less theoretically explored, but potentially even 

more devastating manifestation of rogue waves occurs in shallow waters, such as for example 
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the run-up of a tsunami towards the beach. In addition, the crossing of two waves with 

opposite speeds may also lead to giant and steep humps of water [22]. 

The generally accepted model for describing the generation and propagation of deep-

water rogue waves is the Nonlinear Schrödinger Equation (NLSE). In this case, the creation 

of a rogue wave is closely linked with the modulation instability (MI) of a CW [23], whose 

nonlinear development is represented by temporally periodic solutions known as Akhmediev 

breathers [24]. A different striking outcome of MI is provided byt the Peregrine soliton, an 

isolated pulse of finite duration in both the spatial and the temporal domains [25]: the first 

unambiguous experimental observation of a Peregrine soliton in any physical medium was 

carried out using a nonlinear optical fiber [26]. Moreover, the statistics of spectral broadening 

in optical supercontinuum generation has been associated with the presence of extreme 

solitary wave emissions [27]. 

 

 

Figure 1. Distribution of a set of signal SOPs on the Poincaré sphere at the fiber output, showing 

polarization attraction to the pump SOP (north pole). 

 

 

Figure 2. Rogue wave peak generated in a fiber with normal dispersion from an initial periodic 

frequency modulation of a CW beam. 
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Very recent work has revealed that rogue waves in optical fibers may also be generated in 

the normal group-velocity dispersion (GVD) regime of pulse propagation, in spite of the fact 

that MI is forbidden here [28]. Indeed, nonlinearity driven pulse shaping in this case may be 

described in terms of the semi-classical approximation to the NLSE, which leads to the so-

called nonlinear shallow water equation (NSWE) [29-30]. Since the CW state of the field is 

stable, shallow water optical rogue waves may only be generated as a result of particular 

setting of the initial or boundary conditions [30]. Inded, one may exploit the initial temporal 

modulation of the optical frequency or prechirp, which is analogous to the collision between 

oppositely directed currents near the beach, or the merging of different avalanches falling 

from a mountain. 

As discussed in refs. [28] and [31], a proper initial step-wise frequency modulation of a 

CW laser may lead in the normal dispersion regime of a fiber to the generation of intense, 

flat-top, self-similar and chirp-free pulses. The intriguing property of such pulses is their 

stable merging upon mutual collision into either a steady or an extreme, transient intensity 

peak (see Figure 2). Such type of extreme waves may also occur in optical communication 

systems, whenever different wavelength channels are transported on the same fiber. 

In a related work it has also been recently predicted that, in analogy with the case of 

ocean waves that run-up to the beach, the shoaling of prechirped optical pulses may occur in 

the normal dispersion regime of optical fibers [32]. Namely, a vertical pulse edge or front 

develops in the power profile, prior to the occurrence of any significant wave breaking or fast 

temporal oscillations. In addition, it has been predicted that third-order dispersion in a tapered 

fiber with varying along the length normal dispersion may lead to the occurrence of extreme 

high-intensity pulse peaks or optical tsunamis, in analogy with the dramatic run-up and wave 

height amplification of a sea tsunamis as the coast is approached and the water depth is 

progressively reduced. The observation of optical shallow water rogue waves in the normal 

dispersion regime of optical fibers has not been achieved yet. 

We foresee that the experimental characterization of these extreme wave phenomena, 

which so far has been hampered by the difficulty of carrying out real-time experiments in the 

context of water waves, could once again greatly benefit by exploiting the test-bed which is 

provided by optical fibers, thanks to the possibility of precisely setting the initial wave 

conditions as well as the optimizing and engineering the fiber dispersion profile during the 

fiber drawing process. 
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Supercontinuum (SC) generation in microstructure optical fibers is probably one of the 

most influential phenomena discovered in recent years in nonlinear optics. In descriptive and 

qualitative terms, SC generation is considered to occur when a narrow spectral input pulse 

experiences an extreme spectral broadening due to the intricate nonlinear dynamics involved 

in its evolution [1]. The gigantic frequency span, which can include the entire visible and 

infrared windows, that even a moderately narrow spectrum of an input pulse can experience 

throughout propagation in a relatively short optical fiber, is an intriguing phenomenon that 

has been the subject of intensive research for more than a decade [2]. However, the existence 

of the SC phenomenon in bulk media is known as early as in the late ‗60‘s, as reported in the 

classical paper by Alfano and Shapiro [3]. Since then, the phenomenon was extensively 

studied. It was quite clear from the beginning that this extraordinary conversion from a quasi-

monochromatic light into a ―white light source‖, sharing features of common laser light such 

as coherence, high degree of collimation and remarkable intensity, where also extraordinary 

for multiple applications [4]. However, it was not until the conjunction of ultrafast nonlinear 

temporal optics light sources with the development of a new fiber technology, leading to the 

invention of the photonic crystal fiber (PCF) or microstructure fiber that the SC topic could 

not see the splendorous rebirth we are still witnessing. SC in PCF‘s was first reported in an 

experiment using a microstructure fiber with small solid core pumped with 100 fs pulses at a 

wavelength of 790 nm, slightly higher than that of the zero dispersion wavelength (ZDW) of 

the fiber [5]. An important feature stressed by the authors here was that the fiber exhibited 

anomalous dispersion at visible wavelengths. This fact already pointed out the importance of 

the PCF dispersion properties for SC generation. PCF‘s were invented by Russell and co-

workers only a few years earlier [6]. It was soon seen that the rich geometrical structure of 
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PCF‘s provided a lot of room for the design of their dispersion properties, as compared to 

standard fibers [7]. The physical mechanism behind SC generation in bulk media was 

provided mostly in terms of self-phase modulation (SPM) [4]. In the case of SC in PCF‘s, 

however, the interplay among SPM, dispersion properties of the fiber and Raman soliton self-

frequency red-shift played an essential role [1]. Although these ingredients were also present 

in standard fibers, in which SC generation was also reported previously, SC in PCF‘s was 

especially simple to obtain and offered a wider variety of spectral features. Indeed, the subtle 

interaction between PCF dispersion and nonlinearities defines a panoply of potential output 

spectra by playing with the features of the input pulse and the fabrication parameters of the 

fiber. The discovery of PCF‘s provided then a great opportunity for the design and 

optimization of ultra-broadband spectral light sources. The fact that SC spectra could be also 

obtained by means of conventional tapered fibers added tapering as an extra design parameter 

[8].  

 

 

Biomedical Applications of Supercontinuum Sources 
 

The possibility of having ultra-broad spectral sources with similar properties to those of 

conventional lasers in terms of intensity, coherence and beam collimation was of nearly 

immediate interest for researchers in biomedical imaging. The existence of this new type of 

―white light‖ laser source could circumvent the traditional restrictions of conventional 

sources. On the one hand, because of the enormous bandwidth of the SC source there was no 

constraint, unlike in monochromatic lasers, in the available frequencies available for different 

applications. On the other hand, the SC source was highly competitive with other 

conventional ―white light‖ sources, such as those based on LED technology, concerning the 

―quality‖ of the emerging light. The properties of some SC sources are comparable to that of 

monochromatic lasers regarding coherence, pulse duration or output power, while preserving 

an ultra-broadband spectrum. However, biomedical applications of SC sources can rely on 

diverse features of the SC spectrum, which are not necessarily similar for different 

applications. As mentioned before, SC spectra present an immense diversity of potential 

output profiles. It is for this reason that there exists a lot of room for the optimization of the 

spectral features of a SC source as a function of the specific biomedical application under 

consideration. We provide next some remarkable examples of the current state of the art of 

the utilization of SC sources for biomedical applications. 

Until recently, flow cytometry relied on standard monochromatic lasers as a source of 

excitation for fluorescent probes. The coherence and power of the laser source is essential for 

this application but the restricted amount of available frequencies when using standard lasers 

limited its applicability. The appearance of SC sources was a clear step forward to develop 

this application [9]. In a similar way, fluorescence lifetime imaging microscopy (FLIM) was 

an earlier example of the use of SC sources for the excitation of fluorescent samples in cells 

in microscopy [10]. 

Another important imaging technique, multiple Coherent anti-Stokes Raman scattering 

(CARS) microscopy, can be also significantly benefitted from using SC sources [11]. The 

ability of CARS to identify an increasing number of chemical compounds in biological 

samples, by nonlinearly combining a pump beam with a second one (Stokes) to generate the 

recorded anti-Stokes signal beam, significantly depends on a wide spectral bandwidth for the 
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Stokes light. Thus a SC source is a perfect match for the Stokes beam. Another important 

application of SC sources is confocal microscopy. We can find applications of SC sources in 

many different implementations of confocal microscopy. It has been reported their use in 

interference-reflection microscopy (IRM) [12], confocal laser scanning fluorescence 

microscopy (CLSM) [13], confocal reflection microscopy [14] or confocal light absorption 

and scattering spectroscopic (CLASS) microscopy [15]. 

Special mention deserves the use of SC sources in Optical Coherence Tomography 

(OCT) (see [16] and references therein). OCT is essentially an interferometric technique for 

the acquisition of high resolution images in depth (i.e., in the axial direction) of biological 

tissues. There are two essential parameters characterizing optically the OCT: the axial 

resolution and the penetration depth [17]. The former depends on the inverse of the spectral 

bandwidth of the source as well as on the shape of its spectrum. Because the amount of 

scattered light within the biological sample depends on frequency (according to Rayleigh 

formula, it grows quickly with frequency), the penetration depth notably depends, roughly, on 

the average frequency of the spectrum, thus tending to be smaller for higher frequencies. 

Obviously, it is also dependant on the brightness of the source. Since SC sources 

simultaneously provide both wide spectral widths and high intensities, it is not surprising that 

OCT technologies have adopted this new laser ―white-sources‖ as perfect partners. 

 

 

Designing Optimized Supercontinuum Sources for Biomedical Applications 
 

We have just seen the multiple and diverse aspects that SC sources can have in order to 

fulfill the technical requirements of so many different applications. It is not the same to 

provide a suitable source for, say, confocal reflection microscopy, in which a uniform 

spectrum is desirable, than for OCT, where best axial resolutions are obtained using perfect 

Gaussian spectral profiles [17]. Moreover, together to the specificity of the optical technique 

under consideration, it is also highly relevant to add in the design strategy the particular 

optical nature of the biological samples one wishes to analyze. Thus, every specific 

biomedical application is susceptible to be improved by optimizing distinguishing features of 

the output SC spectral of the light source. This is the procedure we define as design “à la 

carte”, which is implemented in three basic well-defined steps: 

 

Defining the Target 

As mentioned above, the first step prior to initiate any mathematical optimization strategy 

is to define ―the suitable target spectrum‖ associated to the required biomedical application. 

This question, which in principle appears to be simple and naïve, is, in many cases, one of the 

most controversial parts of the optimization program. The whole optimization procedure can 

fail if the target spectrum is not well identified in both optical and biomedical terms. Defining 

a target spectrum to be optimized from biomedical information is not necessarily an easy task. 

Biomedical information relevant for diagnose must be provided by specialized experts. This 

raw information, many times of qualitative nature, must be then transformed into quantitative 

optically meaningful information in the form of a spectral function to be optimized. This 

requires, in many occasions, a considerable amount of translational work involving close 

interactions among biomedical and optical experts. The specificity of the spectral function, 
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optimal for the required biomedical application, is the origin of the design ―à la carte‖ 

procedure. 

 

Defining the Right Strategy 

Once the preliminary step is satisfactory fulfilled, the optimization process, properly 

speaking, can start. Up to this point, the process can be summarized in a single statement: one 

biomedical application, one target spectrum. But the optimization of a SC process, which has 

an inherent nonlinear nature that confers a high degree of complexity to him, is not 

necessarily straightforward even if the target function has been perfectly defined in both its 

biomedical and optical terms. As mentioned in the first section, the output spectrum profile of 

a PCF fiber is extremely sensitive to the fiber dispersion properties as well as to the nature of 

the input pulse. The subtle and complex interplay between the fiber dispersion and 

nonlinearities can make a ―brute force‖ optimization process, based exclusively on standard 

optimization numerical techniques, unfeasible. The complexity of the sample space and the 

potentially high number of relevant parameters that can play a role in determining the output 

spectrum, makes a ―blind‖ search not a good strategy to obtain reliable results. This fact 

determines that en essential part of the optimization procedure is the proper understanding of 

the physical scenario necessary to obtain the output spectrum that fits the desired target. One 

should be able to figure out, at least qualitatively, under which realistic physical conditions 

the target spectrum provided in the first step can be achieved. This goes beyond performing 

purely numerical simulations in a trial-and-error process and it demands a deep knowledge of 

the nonlinear dynamics involved in SC generation.  

In practical terms, there are many possible scenarios for the output spectrum -which can 

be remarkably different- that are qualitative explained invoking a careful and nontrivial 

theoretical analysis. The theory involves the complex dynamics of the nonlinear interaction 

between soliton and dispersive waves, strongly dependant on both the dispersion properties of 

the fiber and the input pulse characteristics (see [2] and [18] for recent reviews). 

Consequently, given a target spectrum for a specific biomedical application, it is almost 

essential to visualize the physical scenario needed to reproduce qualitatively what kind of SC 

mechanism can give rise to the desired target spectrum. 

The determination of the correct physical mechanism provides the right strategy to 

proceed. It will be immediate then to determine what are the physical parameters that need to 

be optimized. In terms of physical implementation, there are two types of parameters 

susceptible of being optimized. It is possible to optimize external and structural parameters. 

External parameters are those that can be changed in real time such as, for example, the 

temporal width, wavelength, or power peak of the input pulse. Structural parameters are, for 

example, the non-tunable fabrication properties of the fiber, such as its dispersion or 

nonlinear properties. The theoretical analysis will provide us with a reasonable set of 

parameters of the previous kind, which are relevant to achieve the desired optimization of the 

target spectrum.  

Additionally, it will assist us to define another essential part of the optimization process. 

It will help us to establish the adequate range of values for these parameters, thus defining the 

right searching region in the sample space, on which the optimization algorithm will act. This 

strategy will ensure the success of the optimization procedure before performing the 

numerical, and often heavy, task. 
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Finding an Adequate Optimization Algorithm  

and a Suitable Computer Implementation 

As a general rule, the better the theoretical analysis the lesser the computational 

optimization effort. However, even numerical simulations based on an excellent theoretical 

analysis cannot always provide alone optimal values to fulfill the requirements of a target 

spectrum. If the biomedical application requires an optimal spectrum fulfilling many 

conditions, the target spectrum can be difficult to achieve only using this approach, so a 

supplementary and efficient numerical exploration of the search parameter space will be 

needed. Here is the point where the optimization algorithm enters. A fitness function will be 

included to measure, in functional space, the difference between the desired target spectrum 

and that obtained by simulating the pulse propagation numerically for a set of fixed 

parameters (external or structural). The theoretical analysis provides this set of parameters as 

well as the range of values to perform the search. Therefore, it determines the sample space 

for optimization. At each point of this space the fitness function takes a value. The optimal 

value for the target spectrum will correspond to the absolute minimum (or the best 

approximation to it) of the fitness function. The values of the parameters that provide this 

minimum will be the optimal ones. At this point, it is clear that an efficient optimization 

algorithm is crucial.  

Depending on the topography of the fitness function map in parameter space, the search 

for the minimum can be a delicate matter. A non-guided search of minima can be very 

inefficient. The subtleties of the nonlinear mechanisms of the SC, together with the 

biomedical requirements of the target spectrum, can make the behavior of the fitness function 

perverse and thus the topography of the sample space intricate. This can sometimes require 

dense discretizations of the parameter space, which implies an unmanageable amount of 

potential simulations. Besides, the dimensions of the sample space grow as a power law with 

the number of optimization parameters and the average time of SC simulations in standard 

CPU can become long (sometimes, a few hours) in some situations. A random, or non-

guided, search in these circumstances is not feasible in terms of computing time. In order to 

set a general strategy to obtain the minimum, it is very convenient, on the one hand, to have a 

flexible optimization algorithm (probably, more than one) and, on the other hand, a scalable 

computational platform for this algorithm to run. The selection of a suitable optimization 

algorithm is very dependant on the form of the fitness function topography. Heuristic 

algorithms, such as genetic algorithms, are good at exploring different regions of the sample 

space in order to avoid sticking around local minima. Besides, they are well fit to its 

deployment into distributed computing platforms such as the Grid [9, 20]). 

Grid technology permits to scale-up the optimization procedure to larger computational 

infrastructures under demand. Basically, if your algorithm has been developed with the 

adequate software to run in Grid platforms, you do not need to re-build it when your software 

is running in distributed computer facilities, no matter if they are small (as a local cluster) or 

big (as a set of remote large supercomputing facilities). In this way, if a particular application 

requires increasing the number of parameters to optimize, the deployment in a Grid platform 

gives you the option of scaling-up the computational infrastructure in a transparent way. 
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CONCLUSION AND PERSPECTIVES 
 

Finding the adequate light source spectrum for a specific biomedical application can be a 

challenge. On the other hand, the extraordinary properties of SC sources, even if they are not 

optimized, have shown to be very successful in many biomedical applications, in such a way 

their number keeps growing day after day. This fact raises the question if optimization is 

really necessary. The possibility of the design ―à la carte‖ is an option based on the fact that 

specificity and diversity are inherent to biomedical samples. Even using the same optical 

imaging technique, the optical response of different biochemical compounds of a biological 

sample can be very different. Thus, although an all-purpose SC source can do a good job and 

improve the performance of the technique as compared to conventional sources, it is clear that 

there is some additional space for the optimization of the optical response by designing more 

specific spectra. The SC source ―à la carte‖ can then complement the results obtained by a 

more general scheme based on standard SC sources. 

From the optical point of view, the design ―à la carte‖ process represents in some cases a 

real intellectual challenge. Although some optimizations are pretty straightforward to 

perform, so that a standard numerical optimization can provide reasonable answers, in other 

occasions the theoretical analysis acquires an essential relevance. On the other hand, the 

accuracy of the biomedical analysis to provide an adequate target spectral function requires a 

close conjunction of biomedical and optical knowledge. The combination of deep physical 

understanding of soliton physics together with translational work linking optical concepts to 

biomedical ones, makes this type of projects very enriching from the intellectual point of 

view. The formation of efficient, broad vision, interdisciplinary teams is then crucial for 

success. 

As mentioned before, the field of applications of SC sources in biomedicine is quickly 

growing and there is no reason to believe this trend will change in the near future. On the 

contrary, as the possibilities of manufacturing and developing more complex microstructure 

and PCF fiber devices grow, the degrees of freedom for the design ―à la carte‖ of SC sources 

will increase, thus offering us more options and flexibility to fulfill new requirements dictated 

by biomedical applications. In this direction, recent advances in taper technology, showing to 

what extent the tapering profile can be used to control the spectral output [21, 22], proofs how 

much room still exists to optimize the spectral response of SC sources. 
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MICROFIBER COIL RESONATORS:  

THEORY, MANUFACTURE AND APPLICATION 
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ABSTRACT 
 

The manufacture of tapers from optical fibers provides the possibility to get long, 

uniform and robust micrometer or nanometer size wire. Optical microfibers (MFs) are 

fabricated by adiabatically stretching conventional optical fibers and thus preserve the 

original optical fiber dimensions at their input/output pigtails, allowing ready splicing to 

standard fibers. Since MFs have a size comparable to the wavelength of the light 

propagating in it, a considerable fraction of power can be located in the evanescent field, 

outside the MF physical boundary. When a MF is coiled, the mode propagating in it 

interferes with itself to give a resonator. In particular, a 3D MF coil resonator (MCR) can 

be obtained by wrapping an MF on a low index rod, which is difficult for standard planar 

light circuit (PLC) technology due to the stereoscopic geometry. With recent 

improvements in fabrication technology of low loss MFs, the Q-factor of MCRs could 

potentially compete with the highest Q-factors currently achieved only in whispering 

gallery resonators. In this chapter the latest results on the theory and experiment of 

optical MCRs are presented. The fabrication model and techniques are discussed and the 

dispersion characteristics and influence of strong coupling of an MCR are investigated. 

The colorful applications of refract metric sensing are also introduced. 

 

Keywords: Microfiber, resonator, fiber 

 

 

1. INTRODUCTION 
 

In the past 40 years, optical fibers and fiber devices with diameters larger than the 

wavelength of transmitted light have been widely used in optical communications, sensors 

and other applications. 
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Recent years have seen an increasing interest in the research on optical nanowires. 

Optical fiber nanowires or microfibers (MFs) are fibers with submicrometer- and nanometer- 

diameter (tens to thousands of times thinner than the commonly used micrometer-diameter 

waveguides) which can be used as air-clad wire-waveguides with small cores [1, 2]. They 

have the potential to become building blocks in the future micro- and nano-photonic devices 

since they offer a number of unique optical and mechanical properties. In particular, they 

allow for large evanescent fields, high nonlinearity, extreme flexibility and configurability 

and low-loss interconnection to other optical fibers and fiberized components [3, 4]. MFs are 

fabricated by adiabatically stretching optical fibers while keeping the original dimensions of 

the optical fiber at their input and output allowing ready splicing to standard fibers (thus MFs 

are tapers and are also called nanotapers). This represents a significant advantage when 

compared to small-core micro-structured fibers that always present significant 

insertion/extraction losses. However the fabrication of low-loss MFs remains challenging 

because of high precision requirements.Since 1999, several types of dielectric submicrometer- 

and nanometer- diameter MFs of optical quality have been obtained. According to the 

methods presented in these papers, the length of MFs can vary from 1mm to tens of 

millimetres, with loss as small 0.02dB/mm and radii in the range of tens of nanometres [5]. 

Although the measured loss was orders of magnitude higher than that achieved later with 

flame-brushing techniques, it was low enough to open the way to a host of new devices for 

optical communications, sensing, lasers, biology and chemistry [3, 4, 6-29]. 

MFs are of interest for a range of emerging fiber optic applications since they offer a 

number of enabling optical and mechanical properties. In particular, MFs can easily be bent 

and manipulated and yet remain relatively strong mechanically. Bent radii of the order of a 

few microns can be readily achieved with relatively low induced bend loss allowing for 

highly compact devices with complex geometry e.g. 2D and 3D multi-ring resonators [48]. 

MF resonators can be classified according to their dimensionality: loop and knot 

resonators are example of 2D structures, while the microcoil resonator belongs to the group of 

a 3Dassembly [12, 15, 19, 20, 22, 26, 29-43]. The MF Loop/Knot Resonator (MLR/MKR) is 

a miniature version of a conventional fiber loop resonator, which was created for the first time 

back in 1982 from a conventional single-mode fiber and a directional coupler [44]. Due to the 

bending losses of a weakly guiding single mode fiber and dimensions of the fiber couple, the 

maximum value of the free spectrum range of fiber resonator was limited to the order of a 

gigahertz. Later, the authors of Ref [45] demonstrated a 2 mm-diameter self-coupling MLR 

fabricated from an 8.5 μm-diameter optical fiber taper. The diameter of the fiber was too large 

to ensure sufficient interfiber coupling. In order to enhance the coupling efficiency, the MLR 

was imbedded into a silicone-rubber having a refractive index close to the index of the fiber. 

Recently, Sumetsky demonstrated some MLRs in air [12, 13, 31, and 32]. Figure 1 (a) shows 

the general shape of a MLR with the input and output ends touching each other. The surface 

attraction forces (Van der Waals and electrostatic), keeps the ends together and overcomes the 

elastic forces that would otherwise straighten out the MF [43]. The fabrication of an MLR 

consists in drawing the optical MF and then bending it into a self-coupling loop. The 

characteristic radii of an MF, used for the fabrication of an MLR, are in the range 300-500 

nm, which is approximately uniform along several millimeters of its length. The Q-factors 

were about 1500-120000. A major drawback of the self-touching MLR in air is its 

geometrical stability: the coupling is strongly affected by the microcoil geometry and a small 

change in shape results in a large change in its transmission properties. 
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Figure 1. Illustration of the MCRs: (a) MLR, (b) MKR, and (c) MCR. The MLR/MKR can be taken as 

a one-turn MCR [43]. Reprinted  with permission. Copyright 2010 Elsevier Limited. 

Embedding the MLR in polymer has been the preferred solution to provide long term-

stabilityeffect of a host polymer on an MF resonator, and fusing the loop contact points with a 

CO2 laser [17] has also been proposed. An alternative approach to increase the MLR stability 

relies on the use of a copper support rod to preserve the MLR geometry [46]. Critical 

coupling has been demonstrated by tuning the resonator with thermal effects induced by 

current flowing in the conductor rod, achieving a Q-factor up to 4000 and an extinction ratio 

of 30 dB.A MKR has also been proposed and manufactured [15, 19, 41, 43], but its 

fabrication requires the MF to be broken in the minimum waist region as shown in Figure1(b). 

Because of their fabrication methodology, MKRs exhibit high input/output losses and 

relatively high difficulty in tuning the resonance to a specified wavelength. 

In 2004, a 3D multiple-turn optical MF coil resonator (MCR) was proposed which 

consists of self-coupled adjacent loops in a helix arrangement [43, 47]. As illustrated in 

Figure 1(c), MCRs wrapped on a low index rod can overcome the problem of stability and 

have the potential of using this device as a basic functional element for the MF-based 

photonics. The resonance is formed by the interference of light going from one turn to another 

along the MF and returning back to the previous turn with the aid of weak coupling. It is 

interesting to note that MLR can be described as the simplest MCR with one single turn. 

MCR-based optical devices have two significant advantages over planar devices: smaller 

losses and greater compactness. The manufacture is still difficult because the MF is liable to 

be broken during wrapping. Prior to 2007, experimental demonstrations of MCRs were 

reported in air [34] and liquid [48]. Like all silica devices, bare MFs suffer from degradation 

when uncoated [49]: in order to obtain a practical device, the MCR was coated with low 

index polymer Teflon [31]. Yet, the determination of the coating thickness is a challenge 

because a thick coating layer limits the sensitive evanescent field, while a thin layer does not 

provide an appropriate protection to the device. In 2007, a solution was proposed to make the 

deployment of MCR as high sensitivity microfludic sensorspossible [26, 27]. After a review 

of resonators based on MF loops and microcoils, a summary of recent results on the use of 

resonators for sensing will be presented. Sensitivities as high as 700 nm/RIU were predicted 

(RIU is the refractive index unit). In 2008, the sensors were experimentally demonstrated [50]. 

Similar to the two-dimensional resonant microring structures, MCRs can perform complex 

filtering, time delay, and switching,too. In practical realizations, MCRs with more turns 

require longer MFs and a high degree of accuracy in positioning the MF coils adjacent to each 

other; thus they are much more difficult. 
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Because of the limitations imposed by transmission losses, in most cases only MCRs with 

a relatively small number of turns are considered. Finally, we want to mention again that the 

MLR/MKR can be treated as the one-turn MCR in theory. The relative theory on MCRs in 

the following sections are suitable for MLRs/MKRs. 

 

 

2. COUPLED WAVE EQUATIONS FOR MCRS 
 

The MCR properties can be analyzed using coupled wave equations. The fiber diameter 

is assumed to be smaller than or comparable to the wavelength of radiation. Introduce the 

local natural coordinate system (x, y, s) as shown in Figure 2, where s is the coordinate along 

the fiber axis and (x, y) are the coordinates along the normal, n, and binormal, b, of the axis, 

respectively. If the characteristic transversal dimension of the propagating mode is much 

smaller than the characteristic bend radius, then the adiabatic approximation of parallel 

transport can be applied. In this approximation and for a relatively small pitch of the helical 

microcoil, the transversal component is 

 

 (1.2.1) 

 

Here the vector function defines the local eigen mode corresponding to the 

propagation constant , A(s) is the amplitude at the position s, t is the time, and is the 

frequency. It is convenient to define the amplitude of the field at a turn m as and to 

consider s as the common coordinate along turns, so that 0 < s < , where is the length of 

the m
th
 turn. If every turn is taken as a round with a radius , s can be expressed as  

( ) in polar coordinates as shown in Figure 3(a). Figure 3(b) shows the cross-

sections of p
t h

and q
th

 turns, where nf is the index of the MF and nc is the index of the 

environment. 

 

 

Figure 2. Illustration of local natural coordinate system of an MCR. 
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a      b 

Figure 3. (a) Illustration of an MCR in cylindrical coordinates. (b) The cross-sections of two MFs. 

The field in the m
th
 can be expressed as: 

 

 (1.2.2) 

 

Here we assume the MF is uniform and β is independent on s. 

With the conventional coupled mode theory [51], the coupled equations for the 

coefficients Am(θ) can be obtained on the condition of relatively slow variation of coefficients 

Am(θ). As described in Ref [47], the propagation of light along the coil in a two-turn and 

three-turn MCR are described by the coupled wave equations. 

In the two-turn MCR: 

 

 (1.2.3) 

 

In the three-turn MCR: 

 

 (1.2.4) 

 

where  and  is the coupling 

coefficient between the turns p and q (p, q =1, 2, 3, …) [51]: 
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 (1.2.5) 

 

and Ep(Eq) and Hp(Hq) are the electromagnetic mode fields when light is propagating in the 

MFp(q), as shown in Figure 3(b). 

In E q.(1.2.4), the coupling between turns 1 and 3 is not considered, and it will be 

discussed later. 

Generally, the propagation of light along the coil in a M-turn MCR is described by the 

coupled wave equations, which takes into account coupling between adjacent turns: 

 

 (1.2.6.) 

 

where for a uniform-waist optical MF, all  are independent of (p=1,2,…,M). In this 

chapter, Eqs. are solved with MATLAB. 

The coefficients satisfy the continuity conditions 

 

 (1.2.7) 

 

 (1.2.8) 

 

The equation can be simplified by introducing the average radius R0, coupling parameter 

Kpq and transmission amplitude T: 

 

 (1.2.9) 

 

 (1.2.10) 

 

Finally the transmission coefficient was defined as: 
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 (1.2.11) 

 

When the loss or gain α is considered, β is replaced by a complex number β+iα. If the 

propagation losses and gains are ignored, then the propagation constant,  is real α=0, and

. In this case, the coil performs as an all pass filter and the resonances of transmission 

coefficient appear in the group delay ( ) only. 

In order to simplify the formula, the MF diameter and the pitch between adjacent turns 

are assumed uniform, so the coefficient and are independent on . R is taken 

independent on , which implies that Ri is constant in each i
th

 turn. In this case, the coupling 

parameter can be expressed as 

 

, (1.2.12) 

 

where 

 

 (1.2.13) 

 

is the average radius. 

By applying the transformations 

 

 (1.2.14) 

 

the coupled wave equations can be written as 

 

 (1.2.15) 

 

With the continuity conditions 
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The transmission amplitude is defined as: 

 

 (1.2.17) 

 

The simplest case is the uniform MCR with the same radius and uniform pitches in all the 

M turns, . 

For a two-turn lossless uniform MCR which is similar to a ring resonator [47]: 

 

 (1.2.18) 

 

and the resonator conditions where the absolute of group delay |td| is the maximum are: 

 

 (1.2.19) 

 

 (1.2.20) 

 

where u, v are integers. 

For a three-turn lossless uniform MCR [47]: 

 

 (1.2.21) 

 

and the resonator conditions are [47]: 

 

 (1.2.22) 

 

or 

 

 (1.2.23) 

 

As an example, the group delay was calculated against the wavelength near 1550 nm 

when M=2, as shown in Figure 4, for different K. 
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Figure 4. Group delay dependencies on the wavelength in a two-turn uniform MCR ;(a) K=1; (b) 

K=1.2; (c) K=1.8. 

 

3. STRONG DISPERION INFLUENCE IN MCRS 
 

Similar to other kinds of micro-resonators, dispersion is one of the major limitations of 

MCRs in high-speed communication. Previous works have considered the waveguide 

dispersion of micro-resonators, but, to the best of our knowledge, the coupling dispersion is 

ignored in most cases. In an MCR, the waveguide dispersion is evident and possibly very 

large due to the very small MF diameter. However, the interaction between adjacent turns is 

another main source of dispersion because of the strong coupling strength and long coupling 

length. As a consequence, it will be very important and practical to investigate the dispersion 

characteristics of MCRs considering both waveguide and coupling contributions [52]. In this 

section, we calculate and investigate both the waveguide and coupling dispersions of a typical 

two-turn MCR. The possible influence and limitation of a high bit rate optical system are 

discussed, which is helpful for MCR based device design and applications [52]. Light 

propagating with loss around a uniform microcoil with two turns in the linear regime is 

described by the following equation on the transmission T: 

 

,  (1.3.1) 
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where L is the length of one turn,  is the propagation constant, neff  is the 

effective index, α is the loss coefficient,  is the coupling parameter and κ is the 

coupling coefficient due to the overlap of the field modes between neighboring turns. 

The resonance condition is  and sin (Km) =1 where m is an integer. 

The group delay is [52] 

 

 (1.3.2) 

 

At resonating wavelengths, the dispersion parameter characteristic of an MCR is [52] 

 

 

 

where , ,  

For a lossless MCR, it can be simplified as [52]: 

 

 (1.3.3) 

 

where Df is the group velocity dispersion (GVD) of MF. The dispersive properties of an MCR 

are very important. A higher dispersion may broaden the optical pulse width then deteriorate 

the system performance at a high bit rate B [52]. 

 

 

Figure 5. The GVD curve as a function of MF diameters. 

There are two main contributors to the dispersion: the MF waveguide and material 

dispersions as shown in the first item of Eq. (1.3.3) and the coupling dispersion as shown in 

the second item. From Eq. (1.3.3), the coupling coefficient depends on the light frequency, 

which is easily understandable. Conventional work on micro-resonators ignore the dispersion 

of coupling, sometimes even waveguide and material dispersions. This approximation is 
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reasonable in the cases of weakly coupling and low Q-factor. For very strong coupling and 

ultra high Q-factor, we believe these dispersions have to be considered totally [52]. 

 

 

Figure 6. The total dispersion DR as a function of d and Λ/d at nearly resonating. 

 
a 

 
b 

Figure 7. (Continued). 
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c 

Figure 7. Comparing among Max DR, D1 and Min DR as functions of d. 

Figure 5 shows the GVD curve at λ0 = 1.55 μm as a function of the diameter of an MF 

made out of fused silica. From the Figure, the GVD is sensitive to the MF diameter. It could 

be positive, negative or even around zero with a proper diameter. When the diameter is less 

than 1 µm, the GVD value changes remarkably while the flat GVD region corresponds to 

larger diameters. These interesting features reflect the competition of dispersions from 

different sources, which may have some applications. For example, a zero-dispersion is 

favorable for high-speed optical systems while a negative dispersion might be useful for 

dispersion compensating [52]. 

In most applications, we only need consider that d is around 1µm and Λ/d is around 2, 

which are the reasonable parameters for practical MCRs with current technique. Assuming  

L = 1 mm. For a given diameter d, K decreases with the pitch, the maximum is as large as 300 

at d = 750 nm and Λ = 2d, and as small as nearly zero when the pitch is large enough. The 

dispersion of K, dK/dλ, has a wide range, from 0 to 400/μm [52]. 

Figure 6 shows the total dispersion DR as a function of d and Λ/d. Here we only consider 

a high Q-factor resonator assuming K is nearly at resonating: sin(K) is about sin(1.1π/2) and 

the Q-factor ～ βs/(K-Km)
2
 is about 10

5
. It can achieve as high as -1×10

4
ps/nm and 

2×10
4
ps/nm and as low as 0. Because both β” and β’ depend on d only while k’ depend on d 

and Λ, we may compare the competition between waveguide and coupling dispersions by 

comparing the maximum (MaxDR) and minimum (MinDR) at the same diameter. Figure 7 

shows the curves of MaxDR, D1 (independent of the coupling dispersion) and MinDR at 

different d, the coupling dispersion D2 at strong coupling is dominated because D1 <<MaxDR. 

The advantage of a strong coupling dispersion is that with the coupling dispersion it is 

possible to cancel the wave guide dispersion: MinDR=0, at d∈[～0.6 µm, ～0.8 µm] or  

[～1.5 µm, 4 µm]. When d∈[～0.8 µm, ～1.5 µm], D1 <<MinDR, the coupling dispersion is 

totally dominated [52]. 

As we can see, the total dispersion of an MCR is dominated by its physical parameters 

such as MF diameter and ring pitch. Both positive and negative dispersion could be achieved 

by selecting suitable MCR parameters. There could be a possible way to engineer tailored 

dispersion curves by means of cascading MCRs. As the coupling strength between MCR 

turns is sensitive to the environmental index, even tunable dispersion might be obtained [52]. 

Complimentary Contributor Copy



Microfiber Coil Resonators: Theory, Manufacture and Application 37 

The strong dispersion causes serious effects on MCR performance, especially bit rate B 

(when DR is zero, the third-order has to be considered) [52, 53] 

 

 (1.3.4) 

 

The maximum bit rate is very poor (~1.6 Gb/s) when DR~2x10
4
ps/nm. 

 

 

4. STRONG COUPLING INFLUENCE IN MCRS 
 

For most MCRs, the light propagating in the MF generates a large evanescent field, 

which interacts with the surrounding medium (analytes). 

It can work as a refractive index sensor by monitoring the resonation wavelength shifting 

with the analytes. The coupling strength between two turns of the microcoil depends on the 

MF diameter, the distance between the two coils (pitch), and on the choice of the surrounding 

material, which modifies the evanescent field decay length. The cross-section geometry and 

the effective index of MF would greatly influence the resonant wavelength and the sensitivity 

of the MCR. A smaller cross-section is preferred in the MCR to provide a large evanescent 

field. However, the coupling effect between the two segments in the coupling region can be 

very strong [52, 54] especially when the diameter is small and the coupling length is 

relatively long. In previous work, the resonant wavelength and sensitivity are always 

considered to only depend on the effective index of the solo MF and be unrelated to the 

coupling. 

However, the coupling in the coupling region can be very strong, taking the benefit from 

the large evanescent fields, sufficient inter-waveguide coupling and relatively long coupling 

length. With the strong coupling effect it is possible to greatly influence the resonance 

condition and sensitivity; this should not be ignored. In this section, we investigate the 

resonance condition and sensitivity in the MCR by considering the strong coupling effect and 

our simulation shows that the coupling effect has a great influence on the resonant peak 

position and the sensitivity of the MFR [25]. 

In this section, for simplification, we mainly consider the MLR/MKR and two-turn MCR 

with simple two-wave coupling equations, which are very similar and coincide with the 

model as shown in Figure 8(a). Figure 8(a) shows a schematic of a typical MCR, which 

usually contains a coupling region where two pieces of MF are close to each other. The pitch 

between the two pieces of MF is fixed and it is not possible to change it into a loop or knot 

resonator. However, it can easily be tuned in an MCR. 

We assume L to be the loop length and H to be the coupling length. The ratio η= H/L  

(0 ~ 1) can be as large as 1 in a two-turn all-coupling MCR, which is shown in Figure 8(b). 

The cross-section of the MFR is also shown in Figure 8(c). We set P (= d in a loop/knot 

resonator, ≥d in an MCR) to be the pitch between the two segments in the coupling region, 

nf and nc to be the refractive indices of the MF and the environment (or analyte), respectively. 

And if we denote the angular frequency as ω, the eigen modes in each segment before mode 

coupling as Ep and Hp (p = 1, 2), the refractive index distribution of the entire coupled 
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segments and each segment as N and Np, respectively, the electromagnetic field amplitudes A1 

and A2 in the two MF segments of the coupling region are related by the coupled wave 

equations [25, 51]: 

 

 
a   b 

 

 
c 

Figure 8. (a) Basic configuration of a MLR; (b) Basic configuration of a two-turn all-coupling 3D 

MCR; (c) the cross section of the coupling region. 

 (1.4.1) 
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We assumed the two segments to be identical and we haveκ12 = κ21 = κ, σ12 = σ21 = σ and 

ρ1 = ρ2 =ρ. 

And the pair of p and q are either (p, q) = (1, 2) or (2, 1). k is the coupling coefficient of 

the resonator, respectively. 

In the previous work, the coupled mode equation is often simplified as 

 

 (1.4.2) 

 

because σ and ρ re assumed to be zero. By solving the equation (1.4.2) a traditional resonant 

condition of βL=(2m+1/2)π can be obtained. 

The resonant wavelength λR only depends on the effective index of the waveguide but is 

unrelated to the coupling effect. 

However, if diameter d of the MF and pitch P between the two segments is small enough, 

there will be a large evanescent field and a strong coupling effect. In order to investigate the 

resonator strictly, we take σ and ρ into consideration and by solving Eq. (1.4.1) we find the 

modified resonant condition as: 

 

 
 

where  and . 

 

Compared to the previous one, the coupling effect is included in the resonance condition 

with an added modified item ΩT. So next we calculate the values of Ω to see how important 

the coupling effect is. 

In Figure 9 we assume nc= 1.34 in water and a full vector finite element method is used to 

calculate the dependence of the k, σ and ρ profiles on the fiber diameter d and the pitch P, 

respectively. According to these simulation values of k, σ and ρ, we calculate the value of Ω 

in Figure 9(d). 

In previous work σ and ρ are assumed to be zero and that will lead to a condition of Ω = 0. 

However, according to our simulations results from Figure 9(d), the value of Ω can be as 

large as -15000 m
-1

 at d =1.28 µm and P = 1.2d and it can be comparable to the value of k at 

the same parameter. 

Thus M cannot be ignored, especially when the pitch P is relatively small. 
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Because of the modified item ΩT between our theory and the tradition alone, the resonant 

wavelength is modified by . Here η = H/L (0 <α ≤ 1) is the ratio of the 

coupling length to the ring length. In an all-coupling MCR, η = 1. 

In Figure 10 we plot the values of ∆λR at different P and d. According to our simulation 

results, the resonant wavelength difference between our theory and the previous one can be 

up to -3.89 nm at d = 1.28 μm, P = 1.2d and λ≈1550 nm. 

 

 

Figure 9. The calculated (a) k, (b) σ, (c) ρ and (d) Ω profile of a resonator with different diameter d and 

different pitch P. 

 

Figure 10. The calculated ∆λR profile of an MFR with different diameter d and different pitch P. 

( / )R R      
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As the typical free spectra range is about several nanometers, the resonant wavelength 

shift caused by the coupling effect cannot be ignored. 

Furthermore, it also shows a possible method to change the resonant wavelength by the 

control of pitch P and the diameter d. 

 

 

Figure 11. The calculated (a) Sn and (b) Sk profile of an MFR with different Diameter d and different 

pitch P. 

In particularly, the pitch between adjacent turns in an MCR possibly changes with 

external vibration or pressure. It means that we can use the MCR as a vibration or pressure 

sensor and it will also give us an alternative external tuning technique by controlling the pitch 

and coupling strength. 

MFRs have been widely used as refractometric sensors because of the large evanescent 

field. The sensitivity of an MFR is usually defined by the shift of the resonant wavelength as 

a function of the index change of the surrounding medium. 

 

 
 

where λR is the resonant wavelength and the nc is the refractive index of the surrounding 

medium. By taking the resonant condition into the equation (7) 

we obtain 
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Sn and Sk is the contribution of the evanescent field and the coupling effect, respectively. 

In the traditional theory of previous literature, only Sn is considered. It can be seen from 

the formula that the values of Sn only depended on the change of the propagating constant. We 

can see from Figure11 (a) that with the increase of the diameter of the MF, Sn drops. This is 

because the intensity of the evanescent field and the coupling between the two segments both 

decay. As can be seen from Figure 4(b), the values of Sk can be as large as 83 nm/RIU at d = 

1.04 μm and P = 1.2d, while the value of Sn is 836 nm/RIU as the same parameter, according 

to our simulation results. That means the sensitivity caused by the coupling effect can be up 

to 10% of the total sensitivity [25]. 

Such a high Sk means that the coupling strength greatly influences the sensitivity and has 

to be taken into account when designing and analyzing an MFR [25]. 

Moreover, for simplification, we mainly consider the loop/knot MFR and two-turn MCR 

with a simple two-wave coupling equations, which are very similar and coincide with the 

model as shown in Figure 8(a). For a multi-turn MCR, it is more complicated because of the 

multi-resonant conditions and cross-coupling between different turns. However our results 

and conclusion are still applicable [25]. 

Finally, although we don't discuss the Q-factor, which is related to the detection limit, the 

coupling also has a great contribution on the Q-factor [25]. 

 

 

5. FABRICATION AND APPLICATION 
 

The MF can be fabricated using a microheater. The 3D-MCR then can be manufactured 

with the set up shown in Figure 12. The MF had its pigtails connected to an EDFA and an 

OSA to check, in real time, the resonator properties during fabrication; then, with the aid of a 

microscope, the MF was wrapped on a low refractive index rod while one of its ends was 

fixed on a 3D stage; this process was carried out manually and the close positioning of the 

MF coils resulted from a combination of manually applied longitudinal tension (which kept 

the relative position of the coils and avoided considerable overlapping) and gravity (which 

translated vertically the new formed coil until it touched the coil beneath). Finally, the other 

microfiber end was fixed to another 3D stage and both microfiber ends were moved little by 

little to find the optimum resonator spectrum. This methodology is similar to that 

theoretically predicted for the design optimization of 3D microcoil resonators presented in 

Section 7.5. Because the coupling coefficient between the two adjacent microfibers is small, 

the microfibers need to be kept as close as possible. 

In these experiments, the MCR was wrapped on a rod to maximize the MCR temporal 

stability and robustness. For microfibers with large evanescent fields or rods with high 

indices, it is possible that there are additional losses arising from the leakage loss because the 
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fundamental mode becomes a leaky mode. If the loss is too high, it is difficult to optimize the 

microfiber position and the MCR geometry. 

Generally, the loss can be minimized by increasing the microfiber thickness and the rod 

diameter, by using a low refractive index material for the rod and by improving the 

smoothness of the rod surface. In these experiments a rod was coated with Teflon @AF 

(DuPont, United States), to provide a low refractive index (n~1.3 at ~1.55 μm) at the 

interface with the microfiber. The coating thickness is about tens of micrometers. 

 

 

Figure 12. Set up used to manufacture 3D MCR. A, B and C are XYZ stages. 

 

Figure 13. Pictures of MCRs. The number of turns in the MCR is two in (A) and three in (B). 

Figure 13 shows the pictures of a two-turn and three-turn MCR made from the same MF. 

The MF radius and the length of the uniform waist region were ~1.5 μm and ~ 4 mm 

respectively. The diameter of the rod is ~ 560 µm. The manual fabrication of the MCR means 

that the pitches between adjacent turns are non-uniform and the MF coils present some degree 

of twist. 

Figure 14 shows the resonator spectra of a straight MF not in contact with the rod, and of 

the three MCRs. The spectra in Figure 13A-B show a complicated profile because the 

coupling among the three or four turns is irregular and non-uniform. The maximum extinction 

ratios for the two-and three-turn MCR are 3 dB and 10 dB, respectively. While the spectrum 
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of the two-turn MCR is simple, with a free spectral range (FSR) of 0.86 nm, the spectra of 

three-turn MCR show a complex profile. In particular, the spectrum of the three-turn MCR 

can be analyzed as a combination of two resonator modes, with the same FSR (about 0.94 

nm). 

The loss induced by wrapping the MF on the rod for the two-, three- and four-turn MCR 

was ~1 dB and 2.5 dB, respectively, which comes from the output difference of Figures (A)-

(B) and Ref in Figure 14. The loss is possibly induced by surface roughness, mode 

discontinuities at the point of input/output, and leaky modes associated with the rod. 

 

 

Figure 14. Spectra of MCR with (A) two turns (B) three turns. The top spectrum represents the 

reference obtained for a free-standing MF. 

The largest Q-factor obtained is about 10,000, which is lower than that achieved with an 

MCR immersed in a liquid [48]; this can be possibly explained by the small coupling strength 

associated to the short coupling length (here we define the coupling length as the length 

where two adjacent turns are touching) and thick MF or by the additional loss at the MF/rod 

interface. 

For practical reasons it is impossible to see the entire circumference of the MF coil, thus 

there are regions where the coils might overlap or their pitch increase. It is possible to tune 

the coupling by moving the pigtails position: slightly moving the two ends of the fiber up or 

down only changes the coupling area near the input and output ends without changing the 

coupling between inner turns. 
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Although the structure of an MCR wrapped on a rod is stable in air, sub-micrometric 

wires experience ageing when exposed to air for some days [49]; moreover, the MCR is not 

portable and can be easily damaged. For example, a demonstration of an MCR was recently 

reported for an MF immersed in a refractive index matching liquid [48]; still, the extinction 

ratio was smaller than 1.5dB, and the device was not portable. The embedding of an MCR in 

a low refractive index medium seems to be the best method to solve the reliability issues as it 

provides both protection from fast aging and geometrical and optical stability. In Ref [31], Xu 

demonstrated an embedded MCR with low-index Teflon. The MCR was manufactured by 

wrapping an MF on a rod having a low refractive index. The MF radius and the length of the 

uniform waist region were ~1.5 μm and 3.5 mm respectively. 

 

 

Figure 15. Schematic of the CMCRS. 

The rod has a total diameter D~700 m, with a silica core radius ~200m. Then with the 

aid of a microscope, the MF was wrapped on the rod, finally the Teflon suspension was 

dropped onto the MF and the solvent was evaporated. Coating with Teflon provides a smooth 

surface and a homogeneous medium. Although some sporadic bubbles are observed in the 

polymer, their effect on the MCR is negligible because none of them is in proximity of the 

MF. 

Coated MCR wrapped on a rod also makes the fabrication of high sensitivity biosensors 

possible. In 2007 and 2008, a coated MF coil resonator sensor (CMCRS) was proposed and 

demonstrated. It can be fabricated as follows: firstly, an expandable rod is initially coated 

with a layer of thickness t of a low-loss polymer such as Teflon, the rod is made from 

disposable materials such as PMMA (PolyMethylMethAcrylate), which is a polymer with an 

amorphous structure and is soluble in Acetone; then an optical MF is wrapped on the rod; 

next, the whole structure is coated with the same low-loss polymer, and finally the rod is 

removed. Figure 15 shows the final structure after the rod is removed: the MF is shown in 

blue, the analyte channel (in the space previously belonging to the support rod) in brown and 

Teflon in light green. It is a compact and robust device with an intrinsic fluidic channel to 

deliver samples to the sensor, unlike most ring or microsphere resonators, which require an 

additional channel. The embedded MF has a considerable fraction of its mode propagating in 

the fluidic channel, thus any change in the analyte properties is reflected in a change of the 

mode properties at the CMCRS output. Since the CMCRS is fabricated from a single tapered 
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optical fiber, light can be coupled into the sensor with essentially no insertion loss: a huge 

advantage over other types of resonator sensors. Because of the interface with the analyte, the 

mode propagating in the coated MF experiences a refractive index surrounding similar to that 

of a conventional D-shaped fiber. The mode properties are particularly affected by two 

important parameters: the MF radius and the coating thickness t between the MF and the 

fluidic channel. We evaluate the effective index neff of the fundamental mode propagating in 

the MF by a finite element method. 

Generally, neff increases with the index of analyte and increases more quickly with a 

smaller t since in this case a larger fraction of the mode is propagating in the analyte. The 

homogeneous sensitivity Scan be obtained by monitoring the shift of the resonant wavelength 

λ0 corresponding to one of the propagation constants β. 

 

Figure 16. Sensitivity of the CMCRS versus MF radius for λ=970 nm and for different values of t. 

Because water is the solvent for most analytes and the absorption of water at long 

wavelengths is high, we calculate the sensitivity near n=1.332 at short wavelengths (600 nm 

and 970 nm). Figure16 shows the dependence of S on the MF radius r for different t. S 

increases when d decreases or λ increases. Decreasing the MF radius r also increases 

sensitivity because this increases the fraction of the mode field inside the fluidic channel. S 

reaches 700 nm/RIU at r≈300 nm for λ=970 nm. 

CMCRS was first demonstrated in 2008 [55] from an MF with the length and diameter of 

the uniform waist region of 50 mm and ~2.5 µm respectively. The MF was wrapped on a 

1mm-diameter PMMA rod and then repeatedly coated with the Teflon solution 601S1-100-6. 

The dried embedded microcoil resonator was then left in Acetone to dissolve the support rod. 

The whole PMMA rod was completely dissolved in 1-2 days at room temperature. At last the 

CMCRS sensor with a ~1mm-diameter microchannel and two input/output pigtails was 

obtained. Figure 17 shows a microscope picture of the manufactured sensor. 

The sensor was connected to an Erbium-doped fiber amplifier and an optical spectrum 

analyzer and then immersed into the mixtures; its sensor sensitivity S was measured from the 

spectral shift observed inserting the sensor into a beaker containing different mixtures of 

Isopropyl and Methanol. In the seven mixtures, the Isopropyl fraction was gradually increased 
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from 60% to 67.6% by adding small calibrated Isopropyl quantities to the Isopropyl/Methanol 

solution in a position far from the sensor. The refractive indexes of Isopropyl and Methanol at 

1.5 m were taken as 1.364 and 1.317 respectively [56] S was ~40 nm/RIU. This value is 

comparable with those reported previously for other resonating sensors like microsphere and 

microring [39, 57, 58]. 

The relatively low value for the sensitivity can be attributed to the small overlap between 

the mode propagating in the MF resonator and the analyte. 

Another factor, which has probably affected the sensor sensitivity, is the lack of 

smoothness of the device surface in contact with the analyte; this is possibly caused by 

PMMA residues on the surface of the channel or it may originate from the original roughness 

of the PMMA support rod. 

 

 

Figure 17. Picture of a CMCRS. 

This roughness produced the moderately low Q-factor observed in the resonator (Q~10
4
), 

which limited the interaction length between the mode and the analyte. It is believed that the 

overall sensitivity can be considerably improved to ~10
4
 by using thinner MFs and by 

fabricating microcoil resonators with higher Q-factors. The minimum detectable refractive 

index change for this sensor is limited by the accuracy in the measurement of the peak 

wavelength (15pm). Assuming S=40 nm/RIU, the minimum detectable refractive index 

change results to be nmin~0.015/40~4∙10
-4

. This value can be decreased with the use of better 

detection systems and more stable sources. 

 

 

CONCLUSION 
 

In this chapter, we presented the mathematical model, induced influence by strong 

dispersion and coupling, fabrication and applications of MCRs. Based on the full-coupled 

wave equations; we studied characteristics with strong coupling and waveguide dispersions. 

The dispersion-induced limitation on the performance of MCRs was discussed. We modified 
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the previous theory on resonance condition and sensitivity of an MCR. According to our 

simulation results, the resonant wavelength and sensitivity strongly depend on the coupling 

effect, which has been disregarded previously. These results are very helpful for future device 

design and system applications. Finally, we introduced the manufacture method of MCRs and 

the application in refractive index sensing. 
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ABSTRACT 
 

Graded-index plastic optical fibers (GI POFs) are a highly attractive transmission 

medium for short-range communications such as local area networks and 

interconnections. In addition to the extremely high bit-rates, which can be more than 100 

Gbps over 100 m, these fibers offer many advantages derived from the nature of the 

polymeric materials: a greater flexibility, easier handling, and simpler installation. GI 

POFs are no longer just alternatives to other transmission media; they are becoming an 

indispensable option for many applications. This chapter reviews the development history 

and latest advances in the performance of GI POFs from the perspective of the materials 

and fabrication techniques that have supported this progress. 

 

Keywords: Graded-index plastic optical fiber, preform-drawing, extrusion, poly(methyl 

methacrylate), perfluorinated polymer 

 

 

1. INTRODUCTION 
 

―Fiber-to-the-home‖ services that interconnect homes with a glass optical fiber (GOF) 

backbone are well established in advanced countries but internal building networks such as 

home networks have yet to be adequately developed. People have come to expect seamless, 

instantaneous, and continuous connection to communications networks using a myriad of 

devices such as smartphones, computers, tablet devices, high-definition TV, and game 

systems. Demand has increased for optical data-link connections not only to the end-users‘ 
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buildings but also within them. For such short-distance applications, from optical local area 

networks for homes and offices to high speed backplanes, the extremely low attenuation of 

GOFs is unnecessary. Instead, a greater flexibility and higher reliability in the event of 

bending, shocks, and vibrations are considerably more valuable properties.  

Another optical transmission medium that has been developed to meet the above 

requirements is the plastic optical fiber (POF). A particularly important advantage of POFs 

over GOFs is the large core size. Today, most GOFs are fabricated as single-mode structures. 

The core is designed to be 5–10 m in diameter so that it carries only a single ray of light and 

enables an extremely high bandwidth. In addition, GOFs, by virtue of their usage, are 

required to not lose their flexibility, for which, they are restricted to be thinner than human 

hair. Thus, even with multi-mode GOFs, which are usually used for short-distance 

transmissions, the diameter is limited to a maximum of 62.5 m. These GOFs are connected 

in a three-step process of cleaving the fibers using an expensive, specialized tool; epoxying 

them to the connector hardware; and polishing the face of the resultant assembled connector. 

In contrast, POFs can be enlarged to ~1 mm in diameter without loss in flexibility or ease of 

handling. They can be terminated using an inexpensive and simple tool, and connectors can 

just be crimped on. The operation takes a fraction of the time needed to connectorize GOFs. 

POFs are very easy to install and use, unlike conventional GOFs, especially for short-range 

communications such as local area networks and interconnections in data centers where many 

connections are required. Figure 1 shows schematically the difference in the cross-sectional 

areas of the fibers. 

 

 

Figure 1. Cross-sectional views of the single-mode GOF, multi-mode GOF, and POF. Partially adapted 

from Koike, Y., Koike, K. (2011) Journal of Polymer Science Part B: Polymer Physics, 49 (1), 2–17, 

with permission of John Wiley & Sons. 

However, POFs, which have been overshadowed by the success of GOFs in previous 

decades, underwent several advancements over a very long time before they gained their 

preset popularity in the communications field. For instance, any increase in the diameter 

would lead to the transmission bandwidth being severely limited owing to modal dispersion, 

which distorts the optical signals. Thus, for communication purposes, POFs were employed 

only in a limited number of applications, such as digital audio interfaces and factory 

automation systems, that do not require high bit-rates. What drastically changed the status of 
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POFs in the communications field was graded-index technology that improved the 

transmission speed to over 1 Gbps. The advent of the graded-index POF (GI POF) greatly 

expanded the potential applications of POFs and attracted many people into POF research and 

development. Today, after more than three decades, the POF capacity has exceeded 100 Gbps 

over 100 m. Behind this significant improvement, there has been tremendous progress made 

in terms of fabrication techniques and materials based on a fundamental understanding of 

photonics and polymer science. 

This chapter traces the history of GI POFs from the perspective of developments in the 

fabrication techniques and materials. Section 2 briefly describes the earliest days of POFs and 

the significance of gradient refractive index profiles. GI POF fabrication methods can be 

classified into preform and extrusion methods, and in section 3, some representative 

principles for forming GI profiles in each process are presented. Section 4 discusses the basic 

ideas of how to choose or design the base polymer of a GI POF from a viewpoint of the 

fundamental properties of optical fibers: attenuation and bandwidth, and the characteristics 

and problems of typical base materials, poly(methyl methacrylate) (PMMA) and 

poly(perfluoro-4-vinyloxy-1-butene) (CYTOP
®
) are described. Finally, in section 5, recent 

material developments that have attempted to solve the difficulties of conventional polymers 

are summarized. 

 

 

2. BACKGROUND TO DEVELOPMENT 
 

2.1. Reduction of Fiber Losses 
 

The first POF, Crofon
TM

, invented in the mid-1960s by DuPont, was a multi-mode fiber 

with a large core of PMMA and fluoroalkyl methacrylate as the cladding layer. Because of 

the abrupt refractive index change at the core-cladding interface, such fibers are called step-

index (SI) POFs. The first commercialized SI POF was Eska
TM

, which was introduced by 

Mitsubishi Rayon in 1975;
 
subsequently, Asahi Chemical and Toray also launched Luminous 

and Raytela
®
 in the market, respectively. However, the transparency of these early POFs was 

insufficient for communication, and their applications were limited to extremely short-range 

areas such as light guides, illumination, audio data-links, and sensors. 

Fiber losses limit how far the signal can propagate in the fiber. As optical receivers need 

a certain minimum power for recovering the signal accurately, the transmission distance is 

inherently limited by the fiber losses. It is customary to express the attenuation α in units of 

dB/km using the relation 

 

  (     )   
  

 
     (

    

   
), (1) 

 

where     is the power launched at the input end, and      is the output power of a fiber of 

length  . The attenuation of the first POF prototype exceeded 1000 dB/km; the lowest 

allowable limit in communications was less than a few hundred decibels per kilometer.  

At the time, the mainstream production method for SI POFs was a continuous extrusion 

process [1, 2], open at the material input end. Kaino et al. [3] then developed a batch 
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extrusion process that produced POFs in a completely closed system and achieved significant 

reductions in the fiber attenuation. Figure 2 shows a schematic diagram of the apparatus. The 

process starts by removing an inhibitor from a monomer by rinsing with alkali solution. The 

residual alkali is rinsed away with distilled water until the monomer is neutralized, and the 

monomer is then dried by adding Na2SO4 and CaH2. Once dry, the monomer is distilled under 

reduced pressure, and the middle fraction is collected and placed in the monomer flask. After 

adding an initiator and chain transfer agent to another flask, both flasks are sealed and 

evacuated. 

The monomer flask is cooled with liquid nitrogen and then melted by water under 

vacuum to eliminate the dissolved air. This process is repeated until air bubbles are no longer 

observed. This is the so-called freeze-pump-thaw cycle. The monomer is then distilled into 

the polymerization ampoule, and the ampoule is washed to remove dust and other 

contaminants attached to the inner wall. The monomer is transferred back into the flask by 

decantation and the process is repeated until no glitter from the dust at any point in the 

ampoule is detected by a He-Ne laser. Subsequently, the initiator and chain transfer agent are 

distilled into the polymerization ampoule. In the case of poly(styrene) (PSt), the reaction 

vessel is heated at 130 °C for 16 h to polymerize the monomer. The temperature is then raised 

slowly to 180 °C and kept at this temperature for another 16 h to fully polymerize the 

remaining monomer. Once the polymerization process is complete, the reactor vessel is 

heated further to 190 °C until the polymer becomes a fluid. Dry nitrogen gas is used to 

pressurize the reactor, which pushes the material through a nozzle to form the fiber. The fiber 

is pulled through another nozzle where it is coated with a cladding polymer. It was in this way 

that low-loss SI POFs were successfully fabricated. In 1981, Kaino et al. [3] reported a PSt-

based SI POF with an attenuation of 114 dB/km at 670 nm, and later succeeded in obtaining a 

PMMA-based SI POF with an attenuation of 55 dB/km at 568 nm [4]. 

 

 

Figure 2. Batch extrusion process for SI POFs. Reprinted from Kaino, T., Fujiki, M., Nara, S. (1981) 

Journal of Applied Physics, 52 (12), 7061-7063, with permission of the American Institute of Physics. 
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2.2. Graded-Index Technology for Faster Transmission 
 

After the studies of Kaino et al. [3, 4] on SI POFs based on several methacrylate and 

styrene derivatives, POFs became a more realistic solution for short-distance 

communications. However, despite these advances, SI POFs still exhibited limited bandwidth, 

which in turn indicated their limited capacity for transmission speed. The concept of a fiber 

bandwidth originates from the general theory of time-invariant linear systems. If the optical 

fiber can be treated as a linear system, its input and output powers should be related by the 

general relation 

 

    ( )  ∫  (   ′)   ( ′)  ′
∞

 ∞
. (2) 

 

For an impulse    ( )   ( ), where  ( ) is the Dirac delta function,     ( )   ( ), 

and for this reason,  ( ) is referred to as the impulse response of the linear system. The 

Fourier transform, 

 

 ( )  ∫  (   ′)   (     )  
∞

 ∞
,  (3) 

 

provides the frequency response and is known as the transfer function. In general, | ( )| 

falls off rapidly with increasing  , indicating that the high-frequency components of the input 

signal are attenuated by the fiber; the optical fiber acts as a bandpass filter. The fiber 

bandwidth       corresponds to the frequency         at which | ( )| is reduced by a 

factor of 2 or by −3dB: 

 

| (     )  ( )|  
 

 
. (4) 

 

In the field of electrical communications, the bandwidth of a linear system is usually 

defined as the frequency at which electrical power drops by 3 dB. A narrower output pulse 

results in a larger      .  

The dominant factor degrading the bandwidth of SI POFs is modal dispersion. Modal 

dispersion can be understood from Figure 3 (a) and (b). In a single-mode fiber, a single ray 

travels along the center axis, whereas in an SI multi-mode fiber, different rays travel along 

paths of different lengths. Even if these rays are coincident at the input end and travel at the 

same speed inside the fiber, the rays are dispersed at the output end of the fiber. A narrow 

pulse would broaden considerably as a result of different path lengths, and the fiber 

bandwidth is a quantitative indicator of this broadening with respect to the original pulse. If 

the pulse broadens, then the number of pulses input to the fiber per unit time needs to be 

limited to avoid their overlap and interference. This is why SI POFs have a severe limitation 

in the possible transmission capacity. GI guides, however, have a lower modal dispersion and 

thus a greater transmission capacity. The refractive index of the core in GI fibers is not 

constant but decreases gradually from a maximum value    at the core center to a minimum 

value    at the core-cladding interface. Most GI fibers are designed to have a nearly quadratic 

decrease and are analyzed using a  -profile given by 
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Here,  ( ) is the refractive index   at radius   of the fiber,   is the core diameter,   is the 

refractive index profile coefficient, and   is the refractive index difference defined as 
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From Figure 3 (c), it is easy to understand qualitatively why modal dispersion is reduced 

in GI fibers. As in the case of SI fibers, the path is longer for more oblique rays (the higher-

order mode), but the ray velocity changes along the path because of variations in the 

refractive index. More specifically, ray propagation along the fiber axis takes the shortest path 

but has the slowest speed since the refractive index is a maximum along this path; oblique 

rays have a large part of their path in a lower refractive index medium in which they travel 

faster. The difference in the refractive index is small, e.g., 0.01, but sufficient to compensate 

for the time delay. This GI method was first proposed by Nishizawa for multi-mode GOFs 

and subsequently adapted for POFs.  

 

 

Figure 3. Ray trajectories through basic optical fibers: (a) single-mode, (b) step-index multi-mode, and 

(c) graded-index multi-mode. Reprinted from Koike, Y., Koike, K. (2011) Journal of Polymer Science 

Part B: Polymer Physics, 49 (1), 2–17, with permission of John Wiley & Sons. 
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3. PROGRESS IN FABRICATION TECHNIQUES 
 

3.1. Preform-Drawing Method 
 

The first important advance was announced by Ohtsuka in 1973 [5] who succeeded in 

forming a gradient refractive index profile in polymeric materials for the first time. The 

simple principle involves a cross-linked prepolymer rod that is immersed into a lower 

refractive index monomer. The monomers diffuse mutually and copolymerize. Since the 

composition of the lower index material increases with distance from the center of the rod, a 

quadratic refractive index profile is formed in the radial direction in accordance with the 

copolymer composition. One drawback of this method is that the prepolymer rod must be 

cross-linked to keep its shape during the immersion process. Thus, these preforms could not 

be heat-drawn into fibers. 

The first GI POF was reported by Ohstuka and Hatanaka in 1976 [6]. Using a new 

method called photo-copolymerization [7, 8], they obtained a GI preform without any cross-

linking agents. In copolymerization reactions, the monomer reactivity ratio is often referred to 

in order to discuss how the reaction proceeds. The monomer reactivity ratios     and     are 

defined as the ratios of the rate constant of reaction for a given radical added to its own 

monomer to the rate constant for its addition to the other monomer. Thus       means that 

the radical     prefers the addition of   , whereas       means that it prefers the addition 

of   . In the photo-copolymerization method, comonomers satisfying following requirements 

are used as the base material:      ,      , and the refractive index of the    

homopolymer is lower than that of the    homopolymer. A schematic diagram of the 

copolymerization process is shown in Figure 4. The monomer mixture, containing a specified 

amount of a photoinitiator and a thermal initiator, is sealed inside a glass tube. The tube is 

mounted on a rotating table that turns the tube around its axis. A UV lamp equipped with 

shadings is mounted on a vertical translation stage that moves upward at a constant velocity. 

Here, the vertical speed of the lamp is adjusted to ensure that the entire monomer in the tube 

is prepolymerized after the light source traverses its length. The reaction is carried out from 

the bottom to avoid forming a cavity caused by volume shrinkage during the 

copolymerization. Once the comonomer is exposed to UV light, the copolymerization 

reaction starts from the outside where the light intensity is the strongest, and a thin gel phase 

is formed along the inner wall; the reaction occurs preferentially in the gel phase than in the 

monomer. Consequently, the copolymer phase moves inward toward the center as the reaction 

proceeds. Here, because   is more reactive than   , the composition of    at the periphery 

is greater than that in the middle. As a result, the refractive index of the rod decreases with 

distance from the center in accordance with the change in the copolymer composition (   has 

a lower refractive index). After the photo-copolymerization process, the rod is heat treated to 

fully polymerize the remaining monomer. The GI preform is removed from the glass tube and 

heat-drawn into a fiber. 

GI preforms can also be fabricated using an interfacial-gel polymerization technique [9], 

which was first developed in 1988. The principle is basically the same as that of the photo-

copolymerization method discussed above except for the mechanism that forms the initial gel 

phase. In this method, the core solution is placed in a polymer tube rather than in a glass tube. 

The gel phase in the photo-copolymerization method referred to a prepolymer with a 
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conversion of less than 100%, whereas in this method, the gel phase is the polymer layer on 

the inner wall of the tube swollen by the core monomer.  

 

 

Figure 4. Photo-copolymerization process to obtain GI preforms: (A) liquid phase, (B) boundary 

between liquid and gel phases, and (C) gel phase. Reprinted from Ohtsuka, Y., Koike, Y., Yamazaki, H. 

(1981) Applied Optics, 20 (2), 280-285, with permission of the Optical Society of America. 

After these developments, the photo-copolymerization and interfacial-gel polymerization 

methods were applied to every possible monomer combination, leading a variety of refractive 

index profiles and precise control. These studies also revealed the correlation between the 

monomer reactivity ratio and attenuation of the obtained GI POFs. In general, ideal random 

copolymers such as a copolymer of MMA and benzyl methacrylate (BzMA) are more 

transparent since they are more optically homogeneous. However, GI POFs based on 

copolymers whose monomer reactivity ratios are considerably different show less attenuation. 

This is because when either     or     is close to zero, the obtained polymer is close to being 

a homopolymer that simply contains the other monomer. For example, when MMA and vinyl 

benzoate (VB) are the monomers    and   , respectively,          and         . If the 

reaction is completed, the obtained polymer would be a blend polymer that strongly scatters 

light. However, most of the VB monomers do not actually copolymerize with MMA under 

the polymerization conditions employed in these two methods due to the significant 

difference in the reactivities. As a result, PMMA containing VB monomers is obtained by the 

reaction. Since the size of the VB monomer distributed in the PMMA is sufficiently smaller 

than the wavelength of the incident light, the light scattering loss of the polymer is as low as 

that of PMMA. In 1991, two low-loss GI POFs based on MMA-VB and MMA-vinyl phenyl 

acetate (VPAc) copolymers were successfully fabricated [10]. MMA (  ) and VPAc (  ) 

also have significantly different reactivity ratios of          and          , respectively. 

The attenuations of the MMA-VB and MMA-VPAc systems at 652 nm were 134 dB/km and 
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143 dB/km, respectively, which at the time, were comparable with the attenuation of 

commercially available PMMA-based SI POFs.  

Another noteworthy finding of these studies was that the driving force concentrating the 

second monomer into the middle of the core was not only a difference in the reactivities but 

also a difference in the molecular size. This was realized from a study of the MMA-BzMA 

copolymer system. Although the reactivity ratios for this system are almost unity and the 

copolymer is known to be an ideal random copolymer, a preform with a gradient refractive 

index change was successfully obtained. Because the BzMA molecule is larger than the 

MMA molecule, it is harder for the BzMA to diffuse into the gel phase and thus it 

concentrates into the middle of the core. 

Based on these results, in 1993, nonreactive organic compounds started to be used as the 

high refractive index component instead of an    monomer [11]. Bromobenzene (BB) was 

the first dopant used with MMA, and a GI preform was prepared with the interfacial-gel 

polymerization technique. Since the molecular size of BB is slightly larger than that of MMA, 

the BB molecules concentrated into the middle as the polymerization progressed. The 

procedure is illustrated schematically in Figure 5. By using a nonreactive dopant whose size 

is too small to scatter light, the attenuation was reduced to 90 dB/km at 572 nm [12]. 

 

 

Figure 5. Interfacial-gel polymerization technique using a dopant. Modified from Koike, Y., Ishigure, 

T., Nihei, E. (1995) Journal of Lightwave Technology, 13 (7), 1475–1489. 

Since this achievement, numerous dopant have been explored to improve the properties 

of GI POFs. Ideal dopants are relatively low molecular weight compounds that 1) are soluble 

in the base polymers and do not phase-separate or crystallize over time; 2) do not 

significantly increase the attenuation of the polymers; 3) do not reduce the glass transition 

temperature (Tg) of the polymers by an unacceptable degree; 4) provide large changes in the 

refractive indices at low concentrations, e.g.,       > 0.015 for less than 15 wt% dopant; 5) 

are chemically stable in the polymers at the processing temperatures; 6) have a low volatility 

at the processing temperatures; and 7) are substantially immobilized in the glassy polymer in 
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the operating environments. In particular, compared to previous copolymer systems, the 

biggest concern in the polymer-dopant system is that the dopant significantly decreases Tg 

due to the plasticization effect. Here, the Tg of a non-crystalline material is a critical 

temperature at which the material changes its behavior from being glassy to rubbery and vice 

versa. Since the operating temperature of a POF is basically dependent on Tg, this is 

considered to be one of the most important physical properties. Thus, it is preferable if the 

refractive index of the dopant is as high as possible so that a lower dopant concentration is 

capable of forming a GI profile with a sufficient numerical aperture (NA). For PMMA-based 

GI POFs, diphenyl sulfide (DPS) has been most suitable dopant identified so far. 

The latest GI-preform method is the rod-in-tube method [13]. The idea, shown in Figure 

6, is originally from a GOF fabrication method. In the rod-in-tube method, the core rod 

containing a high refractive index dopant and the cladding tube are prepared separately. The 

outer diameter of the rod and inner diameter of the tube are designed to be as close as possible, 

whereas the height of the rod is slightly higher than that of the tube so that any water and air 

in the interface can be easily removed. After washing with purified water, the rod is inserted 

into the tube, which is then covered with a heat-shrinkable tube. The original diameter of the 

heat-shrinkable tube is about 1.2 times larger than the outer diameter of the cladding tube. 

More importantly, when shrunk, the size of the heat-shrinkable tube must be smaller than the 

core rod diameter and thickness of the cladding tube combined. A Teflon
®
 disc having almost 

the same diameter as the cladding tube is placed on the bottom and the end is completely 

closed by heating. Then, another Teflon
®
 disc is placed on the other end and the assembly is 

placed vertically in a vacuum oven. Note that both the core rod and the cladding tube are still 

exposed to the air at this moment. After drying under vacuum at 40–50 °C for 2 h, the 

assembly is heated to a temperature above the softening points of each polymer. During the 

heat treatment, the core rod and cladding tube adhere because of the contractile force of the 

heat-shrinkable tube, and the dopant gradually diffuses into the cladding layer, forming the GI 

profile.  

 

 

Figure 6. Rod-in-tube method. Reprinted from Koike, K., Kado, T., Satoh, Z., Okamoto, Y., Koike, Y. 

(2010) Polymer, 51 (6), 1377-1385, with permission of Elsevier. 
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The greatest advantage of this method is that GI preforms can be obtained from any core 

and cladding polymer combination as long as the two adhere well. In the case of the 

interfacial-gel polymerization technique, the core monomer is polymerized in the presence of 

a dissolved cladding polymer. Consequently, the core-cladding boundary becomes ambiguous 

unless the polymers are compatible and the refractive index difference is negligibly small. 

However, in the rod-in-tube method, the core and cladding layers are physically attached to 

each other, and the GI profile is formed by distributing the dopant in the radial direction. Thus 

there is no concern about an increment in the light scattering. Today, this method is most 

often utilized for laboratory-scale experiments. 

 

 

3.2. Extrusion Method 
 

The other common GI POF fabrication technique is the extrusion method. This was first 

proposed by Mitsubishi Rayon in 1989–90 [14–16]. Although the extruders described in these 

three patents are slightly different from each other, the principle for forming the GI profile is 

the same. Figure 7 shows the apparatus from [16]. In the system, a prepolymer containing a 

photoinitiator is first melted in a container and pressed into a die through a screw.  

 

 

Figure 7. The original model of the GI POF extruder. Modified from Mitsubishi Rayon Co. Ltd. (1990) 

JP Patent 1990-33104. 
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Then, a different monomer that also contains the photoinitiator is added to the center of 

the extruded prepolymer through a different pipe. The polymer is pushed out of the nozzle 

and pulled by a capstan to draw the fiber.  

As the fiber passes through the furnace between the nozzle and capstan, the added 

monomer diffuses into the surrounding prepolymer. Finally, the fiber is exposed to a UV 

lamp mounted on the end of the furnace, and the diffused monomer and remaining monomer 

in the prepolymer are photo-polymerized. Since the added monomer has a higher refractive 

index in its polymer state than the surrounding polymer, the refractive index gradually 

decreases from the center to the periphery with the change in the polymer composition. For 

instance, PMMA, with a conversion of 60%, and phenyl methacrylate were used as the 

prepolymer and diffusion monomer, respectively. A similar method was also reported by Ho 

et al. [17] and Chen et al. [18] in 1995–96 for fabricating an imaging lens. 

Monomer diffusion was replaced by dopant diffusion in the extrusion method in a similar 

manner to the progress in preform techniques. While the requirements for the dopant are 

basically the same as in the preform methods, dopants used in extrusions also need to have a 

sufficiently high diffusivity in the polymers at the processing temperatures. The dopant 

extrusion technique was first patented in 1997 [19]. As shown in Figure 8, the first dopant 

diffusion extruder was quite simple. The polymer and dopant are placed in cylinders 1 and 2, 

respectively, and homogeneously heated in a furnace to a certain temperature. The molten 

polymer and dopant are pressurized by either nitrogen gas or a piston. The dopant is pushed 

out of nozzle 1 and diffuses into the polymer. The polymer with the concentration gradient of 

the dopant is pushed out of nozzle 2 and pulled by a capstan to draw the fiber. In this way, by 

diffusing a nonreactive dopant instead of monomer, the attenuation of extruded GI POFs was 

reduced to 90 dB/km at 570 nm. 

 

 

Figure 8. The first GI POF extruder using a dopant. Modified from Koike, Y., Nihei, R. (1997) US 

Patent 5,593,621. 
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Apart from using a dopant instead of a monomer, there is another important difference 

between this procedure and the previous exttrusion methods. In the previous methods, the GI 

profiles were formed after the polymers were drawn into fibers. Thus, large-sized 

heterogeneous structures generated during the monomer diffusion and the copolymerization 

processes remained in situ. In fact, there are no attenuation data in the relevant patents or 

papers. In contrast, the fiber drawing process is performed last in the dopant method. Since 

the profile is formed by dopant diffusion in this case, there is no concern about large-sized 

heterogeneous structures. However, as in the preform method, the stretching process is 

usually very efficient in terms of smoothing any heterogeneities in the fibers such as an 

irregularity in the core-cladding boundary or fluctuations in the diameter.  

 

 

Figure 9. A general schematic of currently used GI POF extruders. 
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While the dopant extrusion enabled the fabrication of low-loss GI POFs, the method 

required either an intermittent stoppage or an extremely slow extrusion speed to allow the 

dopant sufficient time to diffuse due to the short distance between the nozzles. This was 

solved by introducing a dopant diffusion section into the process, as in the extruder patented 

by Lucent Technologies in 2001 [20]. Today, most GI POF suppliers more or less follow this 

method. The general setup is shown in Figure 9. All the tooling components are made from 

corrosion resistant materials, e.g., Hastelloy, and the surfaces that come into contact with the 

flowing melts are polished to promote a smooth flow with little material stagnation. All parts 

are machined to a high precision to ensure a good fit and thereby prevent leakage. The shaded 

areas in the figure represent heaters that are individually controlled by a programmable 

thermostat. The core and cladding polymers are fed into separate extruders, and the core 

polymer contains one or more diffusible dopants that provide the desired GI. The core 

polymer is fed from the core extruder through a connector hose into a coextrusion head, and 

the cladding polymer is fed into the coextrusion head through a connector pipe. The 

coextrusion head contains a core nozzle for directing the core polymer into the center of the 

diffusion section, while the cladding polymer from the connector pipe is distributed 

concentrically around the core polymer into the diffusion section. The core and cladding 

polymers flow together into the diffusion zone. The diffusion section is also heated to 

maintain the flow of the molten polymer and promote diffusion of the dopant; the length of 

the diffusion zone is designed to allow the desired extent of diffusion to occur. The polymers 

then flow from the section into an exit die, and the exiting fiber is then pulled by a capstan to 

draw the fiber at the necessary rate to obtain the desired final diameter. Using the new system, 

the coextrusion process has become capable of producing GI POFs at commercially useful 

speeds, e.g., at least 1 m/sec, for a 250 m outer diameter fiber. 

 

 

4. REPRESENTATIVE BASE POLYMERS 
 

4.1. Poly(methyl methacrylate) 
 

PMMA is a mass-produced commercially available polymer that provides excellent 

resistance to both chemical and weather corrosion. The transmittance of PMMA is the highest 

among general optical polymers; PMMA is known to transmit 93–94% of visible rays and 

reflect the remainder. Optical loss in fibers is caused by three factors: electronic transition 

absorption, molecular vibrational absorption, and light scattering. For most amorphous optical 

polymers including PMMA, the effect of the C–H molecular vibrational absorption is the 

dominant loss mechanism. 

Electronic transition absorption is a result of transitions between the electronic energy 

levels of the bonds within the material; the absorption of photons causes an upward transition, 

which leads to the excitation of the electronic state. In the case of PMMA, the n–π* transition 

of the double bond within the ester group contributes to the absorption loss. The relationship 

between the electronic transition loss α
 
 (dB/km) and the wavelength of the incident light λ 

(nm) can be expressed by Urbach‘s rule [21]: 

 

α
 
     ( λ⁄ ).  (7) 
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Here, A and B are substance-specific constants, which for PMMA are known to be 1.58 × 

10
–12

 and 1.15 × 10
4
, respectively [4]. The loss α

 
 decreases exponentially with an increase 

in the wavelength, and the value falls below 1 dB/km for wavelengths longer than 424 nm. 

The scattering loss in polymers arises from microscopic variations in the material density. 

Using Einstein‘s fluctuation theory, the isotropic light scattering intensity   
    from thermally 

induced density fluctuations in a structureless liquid is expressed as [22] 
 

  
    

π
 

 λ
 

 ( 
   ) (    )   β,  (8) 

 

where λ
 
 is the wavelength of light in vacuum;  , the refractive index;  , the Boltzmann 

constant;  , the absolute temperature; and
 
β, the isothermal compressibility. The isotropic 

light scattering loss α
   

 (dB/km) is related to   
    (cm

-1
) by 

 

α            
 π∫ (       )

π

 
  
         .  (9) 

 

The refractive index   and isothermal compressibility
 
β  of PMMA are 1.492 and 

           cm
2
/dyn [23], respectively, at around the Tg point. Thus, assuming a freezing 

condition, the value of   
    at room temperature is calculated to be           cm

–1
 at 633 

nm. This gives the loss α
   

 as 9.5 dB/km from Eq. (9), which is almost identical to the 

experimental value of 9.7 dB/km obtained by in a static light scattering measurement using a 

highly purified PMMA rod [24, 25]. 

The influence of molecular vibrational absorption on the fiber attenuation was 

extensively studied by Groh [26]. Figure 10 shows the spectral overtone positions and relative 

integral band strengths for the C–H, C–D, C–F, and C–Cl vibrations, which were calculated 

based on the Morse potential model. The scale on the vertical axis  
τ
     

   ⁄  represents the 

vibrational energy ratio of each bond to the fundamental vibration of the C–H bond. The 

vibrational energy ratio is approximately correlated to the molecular vibrational absorption 

loss α
τ

 (dB/km) as follows: 

 

α
τ
        

ρ    

 
(
 
τ
   

  
   ),  (10) 

 

where ρ (g/cm
3
) is the polymer density;   (g/mol), the molecular weight of the monomer 

unit; and     , the number of C–X bonds per monomer. In the case of PMMA, these values 

are ρ       g/cm
3
,       g/mol, and       . Substituting these values into Eq. (10) 

with the vibrational energy ratios  
τ
     

   ⁄  given in Figure 10, the absorption losses of 5th 

and 6th C–H overtones are equal to 2772 and 426 dB/km, respectively. 

From these calculations and experiments, it is obvious that the optical loss in PMMA is 

almost all due to the C–H vibrational absorption. Figure 11 is a typical attenuation spectrum 

of a PMMA-based GI POF measured by a cut-back method. The fiber was prepared by heat-

drawing a GI preform obtained by the interfacial-gel polymerization. The two peaks at around 
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730 and 620 nm correspond to the 5th and 6th C–H overtones, respectively, and their peak 

intensities agree very well with the approximated values.  
 

 

Figure 10. Calculated spectral overtone positions and normalized integral band strengths for the C–H, 

C–D, C–F, and C–Cl vibrations. Modified from Groh, W. (1988) Die Makromolekulare Chemie, 189 

(12), 2861–2874. 

 

Figure 11. Attenuation spectrum of the PMMA-based GI POF. 
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Since the first POF commercialized by Mitsubishi Rayon in 1975, most SI POFs have 

been manufactured using PMMA. They have been used extensively in industrial field buses 

for controlling process equipment in rugged manufacturing environments and in automobiles 

to connect an increasing array of multi-media equipment. The increasing complexity of in-

vehicle electronic systems in particular has led to PMMA-based SI POFs becoming 

indispensable to the automobile industry. Today, it is not uncommon to find 10 or 20 

consumer electronic devices installed in cars such as e.g., DVD (blu-ray) players, navigation 

systems, telephones, Bluetooth interfaces, voice recognition systems, high-end amplifiers, and 

TV tuners. To meet all the necessary requirements for data transfer between such devices, 

PMMA-based SI POFs which offer up to several hundred megabits per second, have been an 

ideal solution. 

However, if faster bit-rates of data transmission of more than 1 Gbps are required, 

attenuation becomes a problem in the PMMA fibers. Short-distance application systems have 

employed PMMA-based SI POFs as the transmission medium and red light-emitting diodes 

(LEDs) of 650 nm as the light source. As shown in Figure 11, 650 nm is in a low-loss 

window of the PMMA. On the other hand, to realize gigabit communications, it is not only 

the fiber has to be replaced with a PMMA-based GI POF but an appropriate light source with 

a higher modulation bandwidth is also necessary. At the present, vertical-cavity surface-

emitting lasers (VCSELs), which offer bit-rates of up to 10 Gbps, are believed to be the most 

reasonable solution. VCSELs are a relatively new class of semiconductor laser that are 

expected to become key devices in gigabit Ethernet, high-speed local area networks, 

computer links, and optical interconnects. One issue, however, is that the emission 

wavelengths of VCSELs are longer than 670 nm where the attenuation of PMMA-based GI 

POFs exceeds 200 dB/km due to the C–H stretching vibrational absorption loss. Thus, the 

transmission distance is severely limited.  

 

 

4.2. Perfluorinated Polymer, CYTOP
®

 
 

Since the high attenuation of PMMA is caused by overtones of the C–H vibrational 

absorption, the most effective method for obtaining a low-loss POF is to substitute all the 

hydrogen atoms with heavier atoms such as fluorine. However, compared to the large number 

of radically polymerizable hydrocarbon monomers, only a few classes of perfluoromonomers 

can homopolymerize under normal conditions via a free-radical mechanism. The most typical 

example is tetrafluoroethylene (TFE), developed by DuPont in 1938. As is well known, 

poly(TFE) is opaque despite the lack of C–H bonds. In general, perfluorinated resins are rigid 

and easily form partially crystalline structures. Hence, light is scattered at the boundaries 

between the amorphous and crystalline phases, causing the haziness. To avoid the formation 

of the crystalline phase, introducing aliphatic rings into the main chain, which causes it to 

become twisted, is an effective method. The most well-known amorphous perfluorinated 

polymers are Teflon
®
 AF, CYTOP

®
, and Hyflon

®
 AD, which were developed by DuPont, 

AGC, and Solvay, respectively. The chemical structures of these three polymers are shown in 

Figure 12. They have excellent clarity, solubility in some specific fluorinated solvents, 

thermal and chemical durability, low water absorption, and low dielectric properties. In 

particular, the high transparencies arise from the cyclic structures existing in the polymer 

main chains. Teflon
®
 AF is a copolymer of perfluoro-2,2-dimethyl-4,5-difluoro-1,3-dioxole, 
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which posses a cyclic structure in its monomer unit, and TFE, while Hyflon
®
 AD is a 

copolymer of perfluoro-2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxole and TFE. CYTOP
®
, 

however, is a homopolymer of perfluoro(4-vinyloxy-1-butene) and cyclopolymerization 

yields cyclic structures (penta- and hexa-membered rings) on the polymer backbone. 

Currently, only CYTOP
®
 is utilized as a base material for GI POFs. 

 

 

Figure 12. Chemical structures of (a) Teflon
®
 AF, (b) Hyflon

®
 AD, and (c) CYTOP

®
. 

The first CYTOP
®
-based GI POF (Lucina

TM
), produced by the preform-drawing method, 

was commercialized by AGC in 2000. The attenuation spectrum is shown in Figure 13 with 

that of the PMMA-based GI POF of Figure 11 reproduced for comparison. The theoretical 

attenuation shown in the figure was calculated using Morse potential energy theory and 

thermally induced fluctuation theory to consider the inherent absorption and scattering losses, 

respectively [27]. As can be seen in Figure 12, CYTOP
®
 molecules consist solely of C–C, C–

F, and C–O bonds. The wavelengths of the fundamental stretching vibrations of these bonds 

are considerably longer than that of the C–H bond; therefore, the vibrational absorption losses 

of CYTOP
®
 in the visible to near-infrared region is negligibly small. Based on Eq. (10), the 

absorption loss due to, e.g., the seventh overtone of the C–F bond, which appears at around 

1170 nm, is estimated to be 0.15 dB/km. For CYTOP
®
, ρ       g/cm

3
,       g/mol, 

and        . In addition to the low molecular vibrational absorption loss, CYTOP
®
 has a 

fairly low light scattering property because of its low refractive index (nD = 1.34). The 

isotropic light scattering loss calculated from Eqs. (8) and (9) is 4.2 dB/km at 650 nm. This is 

less than half of the 9.5 dB/km at 633 nm of PMMA. The theoretical limit obtained from 

these calculations indicates that the attenuation can be lowered further by preventing extrinsic 

loss factors such as contamination during the fabrication process.  

The excellent low-loss characteristics of CYTOP®-based GI POFs are sometimes far 

beyond the requirements for short-range networks. However, the real uniqueness of these 

fibers are the low material dispersion derived from the low dielectric constant. The bandwidth 

of multi-mode optical fibers is predominantly influenced by the modal dispersion. However, 

once the modal dispersion is minimized by forming a GI profile, the influence of the material 

dispersion on the bandwidth can no longer be ignored. Material dispersion is induced by the 

Complimentary Contributor Copy



Graded-Index Plastic Optical Fibers 71 

wavelength dependence of the refractive index and the finite spectral width of the light 

source.  

 

 

Figure 13. Attenuation spectra of the PMMA-based and CYTOP
®
-based GI POFs. Modified from 

Koike, Y., Ishigure, T. (2006) Journal of Lightwave Technology, 24 (12), 4541–4553. 

When a pulse of light with a finite spectral width travels through a material, the pulse 

broadens as a result of the individual components traveling at different velocities. The width 

of the temporal spreading ς
σ

 after the pulse has travelled a length   in a fiber is given by 

 

ς
σ
 | λ|δλ , (11) 

 

 λ   
λ

 

   

 λ
 ,  (12) 

 

where  λ  is the material dispersion coefficient; δ
λ

, the initial source width; and  , the 

velocity of light. The wavelength-dependent refractive index is obtained by approximating 

several refractive indices measured at different wavelengths using the Sellmeier equation: 

 

     ∑
  λ

 

λ
 
 λ

 

  , (13) 
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where    and λ
 
 are Sellmeier coefficients. In general, a very good fit is obtained for    . 

Figure 14 compares the material dispersions of PMMA, CYTOP
®
, and silica glass. The 

absolute value of the material dispersion of CYTOP
®
 is smaller than that of silica glass in a 

wavelength region of ~1 m. 
 

 

Figure 14. Material dispersion coefficients of CYTOP
®
, PMMA, and silica. Modified from Koike, Y., 

Ishigure, T. (2006) Journal of Lightwave Technology, 24 (12), 4541–4553. 

The crucial factor defining the refractive index profile in GI POFs is the coefficient   in 

Eq. (5). Based on the Wentzel-Kramers-Brillouin (WKB) method, the pulse broadenings after 

a distance   in a GI POF due to the modal and material dispersions are correlated by the 

coefficient   as follows [28]: 
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Here, the spectral width ς  is the wavelength dispersion of the input pulse and   is 

defined in Eq. (6). Assuming that the output pulse waveform can be approximated as a 

Gaussian, the theoretical dependence of the −3 dB bandwidth on the wavelength is given by 
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Figure 15 shows a comparison of the theoretical −3 dB bandwidths of a CYTOP
®
-based 

GI POF and a multi-mode GOF. The bandwidths were calculated for an optimal   at 850 nm; 

the optimum value      for maximizing the bandwidth is given by 
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The calculated result shows clearly that CYTOP
®
-based GI POFs can have a higher 

bandwidth than multi-mode GOFs and this was demonstrated in 1999 when AGC and Bell 

Laboratories reported an experimental transmission of 11 Gbps over 100 m using a CYTOP
®
-

based GI POF [29]. In 2008, a group at the Georgia Institute of Technology and a 

collaboration between the University of South California and Keio University separately set a 

new record of 40 Gbps [30, 31]. Subsequently, a group at the Technical University of 

Eindhoven established a transmission of 47.4 Gbps in 2010 [32]. Furthermore, in 2012, a 

collaboration between NEC Laboratories and the University of Florida established a 112 

Gbps transmission over 100 m [33]. These highly significant results demonstrate that GI 

POFs can achieve higher bandwidths than multi-mode GOFs.  
 

 

Figure 15. Dependence of the theoretical –3 dB bandwidth on the wavelength in the CYTOP
®
-based GI 

POF compared with that in the multi-mode GOF (ς  = 1.0 nm). Modified from Koike, Y., Ishigure, T. 

(2006) Journal of Lightwave Technology, 24 (12), 4541–4553. 
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In 2010, AGC released another CYTOP
®
-based GI POF called Fontex

TM
. By employing 

a double cladding structure (a thin layer with a considerably lower refractive index placed 

around the first cladding), the bending loss was further reduced while the high-speed capacity 

was maintained, thereby enabling various wiring designs. In addition, continuous fabrication 

of GI POFs was established by introducing the co-extrusion process.  

 

 

5. RECENT MATERIAL STUDIES 
 

5.1. Partially Halogenated Polymethacrylate Derivatives 
 

There is no doubt that CYTOP
®
 is by far the best material for GI POFs currently 

available. CYTOP
®
-based GI POFs have been continuing to break records for the lowest 

attenuation and highest data transmission speed. However, despite the impressive 

performance, CYTOP
®
-based GI POFs have not been widely accepted since they were 

commercialized mainly due to the prohibitive costs. CYTOP
®
 is a homopolymer made by the 

cyclopolymerization of perfluoro(butenyl vinyl ether) (PFBVE), prepared by a complex 

process outlined in [34]. The manufacturing costs are quite high, and CYTOP
®
 resin typically 

sells for several dollars per gram, which makes it an expensive man-made polymer. However, 

many of the actual intended purposes and potential applications of POFs do not require the 

high specifications of CYTOP
®
. A low-cost fiber capable of a 1 Gbps transmission over ~30 

m at the light source wavelength, e.g., 670–680 nm, is currently most in demand. This cannot 

be achieved with PMMA-based GI POFs due to the high attenuation, but it is not necessary to 

use CYTOP
®
. Thus, the partially fluorinated or chlorinated polymethacrylate derivatives 

discussed in this section have been studied as a possible alternative. 

Recently, three partially halogenated methacrylates, shown in Figure 16, have been 

intensively investigated as a core base material for GI POFs: poly(2,2,2-trifluoroethyl 

methacrylate) (poly(TFEMA)) [35], poly(2,2,2-trichloroethyl methacrylate) (poly(TClEMA)) 

[36], and MMA-co-pentafluorophenyl methacrylate (PFPhMA) [13]. To form the refractive 

index profiles, poly(TFEMA) was doped with benzyl benzoate and the other two 

methacrylates were doped with DPS. All the materials are commercially available; the 

monomers are slightly more expensive than MMA but considerably cheaper than PFBVE. 

Figure 17 shows the attenuation spectra of GI POFs based on these polymers in comparison 

to that of the PMMA-based GI POF in Figure 11. The poly(TFEMA)-based GI preform-

drawn fiber was prepared using interfacial-gel polymerization and the other two fibers were 

prepared using the rod-in-tube method. Further details of the fabrication procedure are given 

in the literatures [35, 36, 13]. The purpose of employing partially halogenated polymers is to 

decrease the fiber attenuation and the most important factor here is how many C–H bonds 

exist per unit volume. This can be calculated from the density of polymer, the molecular 

weight of monomer unit, and the number of C–H bonds per monomer unit. The C–H bond 

concentrations of poly(TFEMA) and poly(TClEMA) are 64% and 51%, respectively, of the 

corresponding value for PMMA. For a copolymer composition of MMA/PFPhMA=65/35 

mol%, this value is 68%. These values roughly reflect the change in the peak intensities of 5th 

and 6th C–H overtones from those of the PMMA. Because of the considerable reduction in 
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the C–H vibrational absorption losses, lower attenuations of less than 200 dB/km have been 

achieved for source wavelengths of 670–680 nm. 

 

 

Figure 16. Chemical structures of (a) poly(TFEMA), (b) poly(TClEMA), and (c) MMA-co-PFPhMA. 

 

 

Figure 17. Attenuation spectra of the GI POFs based on PMMA, poly(TFEMA) [35], poly(TClEMA) 

[36], and MMA-co-PFPhMA (65/35 mol%) [13]: (a) 500–800 nm and (b) 600–700 nm. 
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The low attenuation of the copolymer-based GI POF is particularly noteworthy. As 

discussed in section 3.1, copolymers generally tend to have a high attenuation because 

dielectric fluctuations resulting from the copolymerization of monomers of different 

reactivities can cause non-negligible light scattering losses. This usually far exceeds the value 

expected from the intrinsic light scattering of each homopolymer expressed by Eq. (8). The 

light scattering from large heterogeneous structures    
    shows an angular dependence and is 

defined as [37]: 
 

   
    

 π 〈  〉  

λ 
 (        ) 

, (21) 

 

   π λ⁄ ,  (22) 

 

      (  ⁄ ). (23) 

 

Here, 〈  〉 is the mean square average of the fluctuations of all the dielectric constants; 

 , the correlation length; and  , the scattering angle relative to the incident direction. When a 

two-phase model is assumed such as that described in Figure 18, the correlation length  , 

which is a measure of the degree of heterogeneity, is given by [38] 
 

  
  

 
    , (24) 

 

where   is the total contact area of the A and B phases with different dielectric constants,   is 

the total volume, and    and    are the volume fractions of the A and B phases (      

 ), respectively. Eqs. (21-24) indicate that    
    can be reduced in two ways. The first is to 

increase the contact area   between the A and B phases (Figure 18 (b)). By increasing  , the 

correlation length   shortens and    
    decreases, and this is why ideal random copolymers or 

alternative copolymers are more transparent. The other way is to minimize the mean square 

average of the fluctuations of all the dielectric constants 〈  〉. If 〈  〉 is zero,    
    is also 

zero regardless of the monomer reactivity ratios. The copolymer of MMA and PFPhMA 

corresponds to this case. Since the dielectric constant is almost equal to the square of the 

refractive index, the value of 〈  〉 can be roughly estimated from the difference in the 

refractive indices of each homopolymer. In the copolymer case, the refractive indices are 

almost identical (PMMA:          , poly(PFPhMA):          ), and thus,    
    is 

negligible. 

This is an extremely useful method for obtaining highly transparent copolymers. Under 

actual use conditions, the transmission properties and the environmental resistance 

characteristics such as the heat resistance, weatherability, and chemical resistance must be 

considered; the mechanical properties are important for installation requirements. However, 

identifying homopolymers that meet all the physical properties while maintaining the ultimate 

transparency required for optical communications is a difficult task. Copolymerization is a 

general way of modifying the physical properties to meet specific needs but can result in high 

light scattering losses. Indeed, the number of ideal random copolymer and alternative 

copolymer combinations is severely limited. Furthermore, an accurate prediction of the 

monomer reactivity ratio is also quite difficult without undertaking the reaction. However, 

this method, which inhibits the excess scattering loss by adjusting refractive index of each 

Complimentary Contributor Copy



Graded-Index Plastic Optical Fibers 77 

component, is more realistic and relatively easy. The refractive index decreases by 

introducing fluorine, whereas it increases with the introduction of chlorine, sulfone, phenyl, 

and so on. Recently, several copolymer systems have been proposed as a novel GI POF base 

material in this way [39-41].  
 

 

Figure 18. Two-phase models of heterogeneous structures: the correlation length   is (a) long and (b) 

short. 

In 2010, Sekisui Chemical commercialized a GI POF called GINOVER based on studies 

of poly(TClEMA). While the polymer had some disadvantages in that it depolymerized 

during the fabrication process and was considerably brittle, these problems were solved by 

copolymerizing TClEMA with a small amount of N-cyclohexyl maleimide (cHMI) [42, 43]. 

Continuous fabrication of this GI POF was also recently established by the co-extrusion 

process. The most distinctive feature of this fiber is the high temperature resistance. The 

attenuation of the copolymer-based GI POF, which is 132 dB/km at 660 nm, does not change 

after heating the fiber at 100 °C for over 2000 h. To the best of our knowledge, this is the first 

GI POF capable of maintaining a low attenuation at 100 °C for such a long period. 

 

 

5.2. Partially Fluorinated Polystyrene Derivatives 
 

PSt, another universal optical polymer, is one of the most widely used plastics today. In 

terms of its mechanical properties and chemical resistance, PSt is slightly inferior to PMMA, 

but is very attractive as a core base material and is also relatively cheap. As mentioned in 

section 2.1, PSt has been continuously and extensively studied for SI POFs since the earliest 

days of POF development. The first PSt-based low-loss SI POF had an attenuation of 114 

dB/km at 670 nm [3]. This is the exact wavelength needed for gigabit data transmissions over 

GI POFs. PSt is a long chain hydrocarbon, and the attenuation in the visible to near-infrared 

region is also dominated by overtones of the C–H vibrational absorption, as is the case with 

PMMA. So, why is such a low attenuation possible? The styrene unit is composed of aliphatic 

and aromatic C–H bonds that resonate at different wavelengths. The absorption wavelengths 

of the aliphatic C–H bonds corresponding to the 5th, 6th, and 7th overtones are 758, 646, and 

562 nm, respectively, whereas the same overtones of the aromatic C–H bonds appear at 714, 
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608, and 532 nm, respectively. In addition, the positions of the aliphatic C–H overtones from 

the main chain are shifted slightly to longer wavelengths compared to those for PMMA 

because of an induced effect from the benzene ring. As a result, the emission wavelength of a 

VCSEL (670–680 nm) is located at the lowest attenuation window, which is in the center of 

the 5th aromatic and 6th aliphatic C–H overtones. 

In 2012, the first PSt-based GI POF was reported [44]. The fiber was obtained using the 

preform-drawing and the rod-in-tube methods. The attenuation spectrum is shown in Figure 

19 alongside that of the PMMA-based GI POF. The nth overtones of the aliphatic and 

aromatic C–H bonds are labeled as  
 
 and  

 

′
, respectively. The attenuation of the PSt-

based GI POF is 166–193 dB/km at 670–680 nm, which is significantly lower than the 

attenuation of the PMMA-based GI POF in the same region (approximately 240–270 dB/km). 

In spite of this advantage, the possibility of PSt-based GI POF had not been investigated until 

recently because the refractive index of PSt is as high as 1.59. While this is advantageous for 

SI POFs because there are a variety of possible cladding polymers, in the case of GI POFs, a 

higher refractive index means that a higher dopant concentration is necessary. In other words, 

the Tg of the doped core polymer is further decreased due to the plasticization effect. While 

the decrement was inhibited to some extent by employing a new dopant, the Tg at the core 

center where the dopant concentration is the highest is 80 °C and not sufficient for practical 

use. 

 

 

Figure 19. Attenuation spectra of the PSt- and PMMA-based GI POFs. Modified from Akimoto, Y., 

Asai, M., Koike, K., Makino, K., Koike, Y. (2012) Optics Letters, 37 (11), 1853–1855. 

Complimentary Contributor Copy



Graded-Index Plastic Optical Fibers 79 

Introducing fluorine substituents is effective for lowering the refractive index, and 

recently, various partially fluorinated derivatives of PSt have been studied [45-47]. Figure 20 

shows the refractive indices and Tg values of these polymers. The refractive index is 

dependent on the molar refraction [ ]  and a molecular volume  , as expressed by the 

Lorentz-Lorenz equation: 

 

  √( 
[ ]

 
  ) (  

[ ]

 
)⁄ . (25) 

 

Since the fluorine substituents result in a lower [ ]  and larger   than those for 

hydrocarbons, the refractive index is lowered roughly in accordance with the proportion of 

fluorine atoms contained in each monomer unit. Figure 20 also shows that the refractive index 

is not significantly affected by the substitution site. This indicates that the density of the 

polymer, or more specifically, the ratio of fluorine substituents per unit volume, does not 

significantly vary according to position. 

The polymer Tg, however, is strongly affected by both the size and position of the 

substituent. When all the hydrogen atoms in the benzene ring are substituted with fluorine, i.e., 

poly(2,3,4,5,6-pentafluorostyrene), the Tg is almost the same as that of PSt. However, if some 

hydrogen atoms are substituted with CF3 groups, then the polymer tends to show a higher Tg 

since such bulky substituents reduce the segmental mobility due to the steric hindrance. In 

particular, a substituent at the ortho position, which is the nearest to the main chain, is the 

most efficient in enhancing Tg. Currently, a novel GI POF based on poly(2-trifluoromethyl 

styrene), which has an extremely high Tg of 178 °C, is under investigation. 

 

 

Figure 20. Refractive indices and glass transition temperatures Tg of the partially fluorinated derivatives 

of PSt. 
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5.3. Perfluorinated Polydioxolane Derivatives 
 

The recent representative studies of partially halogenated polymers described in sections 

5.1 and 5.2 were undertaken to obtain GI POFs with sufficiently low attenuations at specific 

light source wavelengths at low cost. These polymers can be categorized as an intermediate 

material between PMMA and CYTOP
®
 from the viewpoints of both performance and 

material cost, which meet current demand.  

Considerable effort has also been devoted to developing new perfluoropolymers as a 

substitute for CYTOP
®
. To realize less expensive amorphous perfluoropolymers, various 

structures and synthetic routes for each possible substitute have been studied. One of the most 

efficient and simplest routes is for poly(perfluoro-2-methylene-1,3-dioxolane) with various 

substituents at the 4 and 5 positions [48-50]. The synthesis route is shown in Scheme 1. The 

monomers can be obtained via direct fluorination of hydrocarbon precursors prepared from 

methyl pyruvate and diols. These perfluorodioxolane monomers are readily polymerized in 

the bulk using a perfluoroperoxide as a free radical initiator. The monomer structures and 

basic properties are summarized in Table 1. The most remarkable point is that some 

derivatives with relatively bulky substituents show excellent Tg values of up to 185 °C. 

Considering that the operating temperature of CYTOP
®
-based GI POFs is limited to 70 °C, 

there is no doubt that improving the thermal resistance is an important topic for future 

development. However, such high Tg amorphous polymers tend to be brittle, and these 

perfluorodioxolane polymers are no exception. Currently, various ways of improving the 

mechanical properties and preparing the fibers are under investigation. 

 

 

Scheme 1. Synthesis procedure of poly(perfluoro-2-methylene-1,3-dioxolane). Modified from 

Okamoto, Y., Teng, H. (2009) Chemistry Today, 27 (4), 46–48. 
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Table 1. Structures and basic properties of perfluoro-2-methylene-1,3-dioxolanes. 

Modified from Okamoto, Y., Teng, H. (2009) Chemistry Today, 27 (4), 46–48 

 

 
 

 

CONCLUSION 
 

This chapter has reviewed the status of GI POF developments in the last three decades 

from the perspectives of materials and fabrication techniques. Fundamental studies based on 

photonics and polymer science have slowly but steadily improved the performance of GI 

POFs. In addition to the many advantages derived from the nature of polymeric materials, GI 

POFs have acquired an extremely large capacity that exceeds those of multi-mode GOFs. 

GOFs, especially single-mode fibers, are highly effective for long-haul and metropolitan 

optical networks, but are too fragile for short-range communications such as local area 

networks and interconnections within data centers. 

Compared with conventional copper cables, GI POFs provide a number of benefits such 

as superior performance, extended reach, physical flexibility for better space utilization, 

easier installation, and a reduced power consumption. GI POFs are no longer just alternatives 

to other transmission media; they have created a new transmission category in the 

communications field. However, there are still outstanding problems and areas for 

improvement. To be widely accepted in the market, development of less costly materials is 

indispensable. In addition, increasing and continuous effort must be devoted to developing 

high Tg materials that will expand the range of future GI POF applications.  
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ABSTRACT 
 

Benzil Dimethyl Ketal (BDK) doped Polymer Optical Fiber (POF) gratings have 

many advantages, such as lower Young‘s modulus, higher thermo-expansion and thermo-

optic coefficients, better flexibility, over their silica fiber counterparts. Therefore it is 

important and necessary to study their development, properties and applications. In this 

chapter, the photosensitive BDK-doped POF (BPOF) and its gratings are reviewed with 

regard to design, fabrication, characterization to application. In particular, the 

applications based on both single mode (SM) and multimode (MM) BPOF gratings are 

presented to show the great potential of BPOF gratings for the temperature, stress and 

strain sensing. 

 

 

1. INTRODUCTION 
 

POF gratings have been attracted much attention for their unique properties such as lower 

Young‘s module, higher thermo-expansion and thermo-optic coefficient, better flexibility as 

well as their clinic favorability, compared with their counterparts in silica fibers [1, 2]. These 

properties allow the simpler and cheaper use with lower resolution, large yield limit and 

enable the small temperature change and stress sensing [1, 3-9]. And optical devices based on 
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POF gratings will allow device properties to be readily controlled thermally or mechanically 

with wide tuning range [5, 9]. Since the first demonstration in 1999 [10], POF gratings have 

been fabricated in POF with different fiber structures and materials employing different 

writing methods and mechanisms [1, 8, 11-18], and used in a series sensing fields, such as 

stress, strain, temperature, humidity, bend, etc. [4, 6, 7, 9, 19-28]. 

In our previous work [3, 18, 29-34], much attention has been paid on the design, 

fabrication of BPOF gratings and their sensing applications (temperature, stress and strain 

sensing), which starts from basic molecules to photonic devices. This short review presents 

results based on these work in an order as following: 

 

1. Design of BPOF gratings [18, 29]; 

2. Fabrication of BPOF and its gratings [18, 29, 30, 35]; 

3. Sensing applications with BPOF gratings [3, 30-34, 36]. 

 

As the contents shown, this chapter mainly concentrates on the published work, although 

there is still much work performed in our group at present. However, by systematic analysis, 

it is realized that the development of high photosensitive POF, and novel POF gratings with 

higher stability and sensitivity from molecular level to optical device, is important for sensing 

applications of photonic polymer materials, especially POF. The principle will guide our 

future work in developing the new POF gratings and their photonic devices. 

 

 

2. DESIGN OF BPOF GRATINGS 
 

2.1. Photosensitivity of BPOF 
 

 

Figure 1. Absorption of PMMA and PMMA doped with BDK [18]. The inset is the absorption of BDK 

in tetrahydrofuran. 
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Figure 2. The absorption spectra of the PMMA film doped (A) with 10wt% BDK and (B) without BDK 

after varying 365 nm UV exposure. The inset is its corresponding absorption peak intensity with 

different exposure time [18]. 

In the past three decades, the innate photosensitivity of poly(methyl methacrylate) 

(PMMA) after irradiation with UV light was discovered by Tomlinson et al. [37], but the 

photosensitivity was too weak to make POF gratings with good performance and high 

strength because of the high power and long UV irradiation time [8, 38]. Generally, to 

enhance the photosensitivity of PMMA based POF, different photosensitive materials, such as 

trans-4-stilbenemethanol, methyl vinyl ketone (MVK), fluorescein, etc have been introduced 

into the core of POFs [1, 8, 14, 16, 18, 39, 40]. The mechanism of the photosensitivity can be 

classified into five kinds, including photobleaching [1], photopolymerization [10], 

photoisomerization [8], photodgradation [16, 18] and photoalignment [39, 40]. 

In this chapter, to fabricate the photosensitive POF gratings, the first step is to choose the 

photosensitive material. Here, an economical, classic and high photosensitive dye-BDK are 

introduced into the fiber core, which exhibits photodegradation into two radicals under a very 

wide band of UV illumination [18, 41, 42]. For better knowing the photosensitivity of BDK-

doped PMMA based POF system, the UV absorption properties of PMMA and PMMA doped 

with BDK are studied as shown in Figure 1 and Figure 2 [18]. 

Two new absorption bands at about 250 nm and 344 nm are respectively attributed to the 

strong π-π
*
 transition and the weak n-π* transition of BDK, demonstrated by the absorption of 

BDK in tetrahydrofuran shown in the inset of Figure 1 [18, 43]. Especially, an increase in 

absorption at 355 nm, linked with the n-π
*
 transition of BDK in comparison with PMMA 

without doping showing the absorption difference between the PMMA and PMMA doped 

with BDK [18]. In addition, the PMMA material has negligible absorption beyond 250 nm, 

which means that the light longer than 300 nm will transmit through the cladding material 

with low loss. And the absorption at ~355 nm is not that high, so using 355 nm UV light as 

writing source would be a choice to obtain bulk gratings in core materials. 

Seen from Figure 2(a), after 365±5 nm exposure with 7.5 mW/cm
2
 the absorption of 

PMMA doped with 10wt% BDK shows significant decrease at 250 nm. In comparison, the 

absorption of PMMA without doping shows no change as shown in Figure 2(b), showing 

evident photosensitivity of PMMA doped with BDK at 365 nm [18]. When BDK is irradiated 

by 365 nm UV light, it will decompose and produce two free radicals by an α-splitting [41, 

42]. Then, a series of reactions will happen in the following as shown in Figure 3, including 
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the polymerization of the rudimental monomers coming from POF fabrication [1], photolock 

of high index ketal fragments, other photochemical reaction of ketal [41, 42] and the 

photodegradation of polymer main chain [44]. All these reactions would be the factors 

inducing refractive index change in the BDK-doped core materials [18, 29]. 

 

 

Figure 3. (Continued). 
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Figure 3. Possible photochemical reactions in the core of BPOF [29]. 

 

2.2. Composition of BPOF 
 

When the photosensitive material has been decided, the second step is to confirm the 

main composition of the photosensitive POF, which is the most important factor to influence 
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the refractive index and optical properties of POF. The refractive indices of the core and 

cladding materials are usually controlled by adding benzyl methacrylate (BzMA) and ethyl 

methacrylate (EMA) or butyl acrylate (BA) to the core and cladding, which vary with their 

compositions.  

For the core of photosensitive BPOF, MMA, EMA, BzMA and BDK or MMA, BA and 

BDK are mixed to be polymerized as the core materials, where EMA and BzMA, or BA are 

used to control the refractive index, and BDK is used as the photosensitive agent [30]. For the 

cladding of photosensitive BPOF, two types of materials are used, which are the copolymers 

of EMA and MMA or BA and MMA. 

According to the Lorentz-Lorenz equation, the Bragg condition, the weakly guiding 

condition and the experimental condition [29], two kinds of compositions of the core and 

cladding materials are selected as listed in Table 1, meanwhile, the refractive indices have 

also been confirmed. Besides, small quantity of initiators and chain transfer agents are 

introduced into the BPOF for the polymerization of the core and cladding, and the control of 

the mechanical and thermal properties of BPOF [29, 45]. 

 

 

2.3. Structure of BPOF 
 

When the compositions have been decided, the third step is to confirm the structure 

parameters of BPOF. Generally, to obtain a high reflectivity and be compatible with the 

available photonic devices, a SM BPOF is more favorable for fabricating POF gratings [29]. 

According to the SM condition, the normalized frequency should obey the following equation 

[46]: 

 

 (1) 

 

where 2a and λ are the diameter of fiber core and the operating wavelength of BPOF gratings, 

respectively. From Eq. (1), it can be seen that the diameter of BPOF core should be controlled 

in terms of the difference of nco and ncl, which are mainly dependent upon their compositions. 

Eq. (1) also shows that the smaller the index difference between the core and cladding, the 

larger the BPOF core and the easier the BPOF fabrication. However, too low difference will 

bring the difficulty to constitute a waveguide [29], due to the diffusion of core materials 

during the interfacial-gel polymerization [30， 32]. 

 

 

2.4. Simulated BPOF Gratings 
 

According to the compositions, the refractive indices and structure parameters of BPOF 

have also been confirmed, the BPOF grating reflection spectrum can be simulated in the 

fourth step to study the possible properties of BPOF gratings. 
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Table 1. Fiber parameters and grating fabrication conditions 

 

Specification of BPOF for Grating A  

 
Grating Fabrication for Grating A 

Cladding(MMA:BA=68:32v%) 

Core(MMA:BA:BDK=62.6:29.4:8v%) 

nco – ncl: ~0.011 

nco: 1.479 

Dfiber: ~290 μm 

Dcore: ~21 μm 

355nm frequency-tripled Nd:YAG pulse laser 

Frequency: 10 Hz 

Pulse width: 6 ns 

Average power intensity 673 mW/cm
2
 

Grating length: 6 mm 

Phase mask period: 1.0614 μm 

Specification of BPOF for Grating B 

 
Grating Fabrication for Grating B 

Cladding(MMA:EMA=60:40v%) 

Core(MMA:EMA:BzMA:BDK=50:45:3:2 v%) 

nco – ncl: ~ 0.001  

nco: 1.482 

Dfiber: ~230.4 μm 

Dcore: ~11.8 μm 

355nm frequency-tripled Nd:YAG pulse laser 

Frequency: 10 Hz 

Pulse width: 6 ns 

Average power intensity: 200 mW/cm
2
 

Grating length: 6mm 

Phase mask period: 1.0614 μm 

Specification of BPOF for Grating C 

 

Grating Fabrication for Grating C 

Cladding(MMA:BA=68:32v%) 

Core(MMA:BA:BDK=62.6:29.4:8v%)) 

nco – ncl: ~0.011 

nco: 1.479 

Dfiber: ~290 μm 

Dco: ~21 μm 

355nm frequency-tripled Nd:YAG pulse laser  

Frequency: 10Hz,  

Pulse width: 6 ns 

One beam average intensity: 153 mW/cm
2
 

Grating length: 6mm 

Phase mask period: 1.0614 μm 

Specification of BPOF for Grating D 

 
Grating Fabrication for Grating D 

Cladding(MMA: EMA = 60:40 v%) 

Core(MMA:EMA:BzMA:BDK = 50:45:3:2 v%) 

nco – ncl: ~ 0.001 

nco: 1.482 

Dfiber: ~ 230 μm 

Dcore: ~ 11 μm 

355nm frequency-tripled Nd:YAG pulse laser 

Frequency: 10 Hz 

Pulse width: 6 ns 

Average power intensity:57 mW/cm
2
 

Grating length: 6 mm 

Phase mask period: 1.0614 μm 

Specification of BPOF for Grating E 

 

Grating Fabrication for Grating E 

Cladding (MMA:BA=68:32v%) 

Core (MMA:BA:BDK=62.6:29.4:8v%)) 

nco – ncl: ~0.011  

nco: 1.479 

Dfiber:~ 300 μm 

Dcore:~23 μm 

 

355nm frequency-tripled Nd:YAG pulse laser 

Frequency: 10 Hz 

Pulse width: 6 ns 

Average power intensity: 69 mW/cm
2
 

Grating length: 6 mm 

Phase mask period: 1.0614 μm 

 

The power reflection coefficients R from a fiber Bragg grating (FBG) in BPOF can be 

given by [29, 46, 47]: 
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 (2) 

 

where   is the coupling coefficient (





n
 , where  λ is the light wavelength and δn is the 

index variation in the fiber core), L is the length of grating region, δ is the difference between 

the actual propagation constant β (
eff

2
n





 ) and the propagation constant at Bragg 

wavelength 
B  (

B eff

B

2
n







) and q
2
 = δ

2
-κ

2
>0 [29]. According to Eq. (2), the reflection 

spectrum of FBGs in BPOF can be simulated as shown in Figure 4. It can be seen from this 

figure that it has a maximum reflectivity of 69.5 % at 1571.4 nm with a full width at half 

maximum (FWHM) of 0.18 nm. 

In addition, the maximum reflectivity Rmax can be given by [29, 47]: 

 

 (3) 

 

Seen from Eq. (3), the maximum reflectivity will increase with the increase of both δn 

and grating length L. 

 

 

Figure 4. The simulated reflection spectrum of BPOF gratings with δn=1.0×10
-4

, 7nm.530 and 

L=6 mm and 4804.1neff   [29]. 
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Generally, δn varies with UV exposure time, especially for BPOF gratings, according to 

Ref. [41], δn of BDK doping PMMA under UV exposure with certain light intensity can be 

described with the following equation [29, 47]: 

 

 (4) 

 

where a and b are the constants (a=1.67×10
-4

) [41]. Combining Eqs. (3) and (4), the 

theoretical maximum reflectivity after t mins UV exposure can be obtained as: 

 

 (5) 

 

Especially when constant b=0, Rmax will increases fast and reach a saturated value (Figure 

5), showing that Rmax can‘t increase unrestrictedly with long time exposure. 

 

 

3. FABRICATION OF BPOF GRATINGS 
 

3.1. BPOF Fabrication 
 

BPOF is fabricated by Teflon technique [1, 39, 45], introducing BDK into the fiber core 

as the photosensitive materials. 

 

 

Figure 5. The maximum reflectivity vs illumination time when b=0, L=6 mm and nm 4.1571B   

[29]. 
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Figure 6. The procedure of BPOF fabrication with Teflon technique [29]. 

The details of the fabrication process are illustrated in Figure 6. First, using Teflon 

technique a hollow stick (cladding preform) is made by the copolymerization of the cladding 

monomers [39, 45], where the inner diameter of the glass tube is about 18mm and the 

diameter of the Teflon line is ~0.8 mm. Then, core monomers doped with BDK, initiator and 

chain-transfer agent are mixed in a vessel and the mixed solution is filled into the hollow stick 

as a core material under the minus pressure. Finally, the stick is put into an oven and the 

thermal polymerization is preformed, where the temperature is increased gradually from  

36 ºC to 88 ºC in 4.5 days until solidification is fulfilled. 

When the BPOF has been made, the refractive index profile of the POF perform is 

measured as reported before [48]. BPOF is heat-drawn from fiber preform at 225 ºC by a 

taking up spool. According to Eq. (1), BPOF with different diameter has been made by tuning 

the diameter of tube/Teflon line and the drawing velocity. The inset of Figure 6 shows a 

typical cross section of BPOF made through Teflon technique. The parameters for all the 

BPOF samples used have been listed in Table 1. 

 

 

3.2. BPOF Gratings Fabrication 
 

3.2.1. BPOF Gratings Writing Technique 

Since the invention of POF gratings in 1999, many POF gratings have been fabricated 

with different writing technique [1, 8, 12-18]. So far, there are mainly two methods to 

fabricate the gratings in POF, which are mechanical and optical methods. In 2006, M. P. 

Hiscoks et al. adopted a simple heat imprinting method for producing stable long-period 

gratings (LPGs) in microstructured polymer optical fiber (mPOF), which is simple and low 

cost, but only suitable for the LPGs fabrication instead of Bragg gratings [17]. However, most 

of the researchers use the optical method to writing gratings, which can be classified into four 

kinds: 

 

1. The interferometeric method [1, 14]; 

2. The phase mask method [15]; 

3. The amplitude mask method [8, 16, 39]; 

4. The point to point method [11]. 

Complimentary Contributor Copy



BDK-Doped Polymer Optical Fiber (BPOF) Gratings 97 

To overcome the effects of the zero-order diffraction on the grating writing in optical 

fibers, the modified sagnac interferometeric method is used to fabricate the first POF gratings 

in 1999 by Z. Xiong et al., which is suitable for the condition when you haven‘t the 

designated phase mask for the writing light source, but it requires good coherence of the light 

source [1]. Then in 2005, H. Dobb et al. use the phase mask method to write the gratings in 

mPOF. However, due to the low photosensitivity of the mPOF and non-designated phase 

mask used, the reflectivity is still not high [15]. In the same year, Z. Li et al. use the 

amplitude mask method to write the LPGs in MVK doped POF with high pressure mercury 

lamp, which has lowest requirement for the coherence of the writing source but only feasible 

for writing LPGs. But it has high requirement for the structure design of the POF to confirm 

the resonance of the core and cladding modes [16]. In 2009, David Sáez-Rodríguez et al. use 

the point to point method to write the LPGs in POF, where the coherence requirement of the 

writing source is not high but it requires the high focus technique. And it is also suitable to 

write the LPGs [11]. 

According to the present experimental condition (A phase mask with a period of 1.0614 

μm designed for silica FBGs writing at 248 nm), to overcome the zero-order diffraction 

effects on the grating writing in optical fibers, the modified sagnac interferometeric method is 

adopted to inscribe BPOF gratings with a 355 nm frequency-tripled Nd:YAG pulse laser as 

shown in Figure 7 [29]. 

 

 

Figure 7. The diagram of BPOF gratings inscription with the modified sagnac interferometeric system 

[29]. 
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It can be seen from Figure 7 that BPOF is mounted on the top of the phase mask. Three 

UV reflective prisms are aligned so that the counter-propagating coherence beams will be 

directed to the fiber core, interfere there, and finally write the gratings in the core of BPOF. 

Meanwhile, the zero order diffraction will be isolated and blocked. 

To monitor the formation of BPOF grating, monitoring light coming from amplified 

spontaneous emission (ASE) (Thorlabs ASE-FL7002) or tunable laser (AQ 4321D of ANDO) 

is launched into BPOF through a 3 dB silica fiber coupler. On reaching the grating, portion of 

the light will be reflected while the rest will propagate through the grating and down the fiber. 

An optical spectrum analyzer (OSA) (Agilent 86140B OSA or AQ 4317C OSA) is used to 

detect the reflection and determine the reflection spectrum of the grating. Similarly, the OSA 

can detect the transmission of the grating and display the transmission spectrum [18, 29, 30]. 

Grating fabrication conditions for all BPOF gratings are listed in Table 1. 

In addition, there is one issue need to mention that most of the present BPOF gratings 

operate at 1550 nm band, where BPOF has high loss. One key reason for this situation is that 

most of the related components, system and test techniques are readily available in the 1550 

nm band [4, 5, 9, 27]. The visible or near IR wavelengths would be more desirable for POF 

applications, especially longer length applications such as distributed sensing, because of 

much lower material attenuation than the 1550 nm band. That is why a few research groups 

have started to develop POF gratings at visible or near IR regions [12, 29, 49, 50]. If the 

fabrication and measurement system exists, BPOF gratings at the optical window of POF, i.e. 

at 600–700 nm can also be designed and fabricated in future [29]. 

 

 

Figure 8. Typical transmission spectrum of Grating A with a grating length of 6mm and FWHM of 0.5 

nm after 1.63 J 355 nm UV exposure. The inset is the near-field pattern of BPOF for Grating A at 633 

nm [18]. 
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3.2.2. High Power Writing 

Although it is classified as the high power writing, the average power intensity for 

writing BPOF gratings is far lower than that for writing silica fiber gratings (10
4 

mW/cm
2
) 

[51]. With the modified sagnac interferometeric method, Grating A is inscribed in the BPOF, 

whose normalized frequency calculated at 1570 nm is ~5.4, larger than the maximum limit 

(2.405). Hence, multiple modes are expected as shown in Figure 8. The maximum reflectivity 

of Grating A is approximately 25% (1.25 dB) with FWHM of about 0.5 nm at 1570 nm. The 

index change in the grating region due to 16 mins 673 mW/cm
2 
(1.63 J) 355 nm UV exposure 

is estimated to be 54.5 10 , far lower than the maximum value ( 32.4 10 ) reported by H. 

Franke [41]. 

The lower value is attributed to several reasons: fewer residual monomers compared with 

H. Franke‘s work; the shorter actual grating length due to the non-uniformity of the laser 

beam; the instability of the interference pattern on the fiber core due to the temperature and 

mechanical drift and the low end coupling efficiency [18, 52]. 

In addition, the dynamic formation process of Grating A under varying 355 nm UV 

exposure is shown in Figure 9. Seen from Figure 9, the reflection peak position and its 

intensity change with the exposure dose. The former change might be attributed to the 

temperature and mechanical drift, resulting in the drift of the Bragg wavelength (the standard 

deviation ~0.24 nm). The latter change shows the growth of Grating A with UV exposure. A 

noticeable reflection peak can be observed after 0.10 J UV exposure; then the grating 

continues to grow stronger with further exposure. After 1.02 J UV exposure, the maximum 

reflection spectrum is obtained. Seen from Figure 9A, there are more than 5 modes reflected. 

The maximum reflection peaks at ~1570 nm with its intensity and FWHM of 12 dB and 0.4 

nm, respectively. Compared with the transmission result in Figure 8, the maximum 

reflectivity should be larger than 25% after 10 mins 673 mW/cm
2 

355 nm exposure (1.02 J). 

With further exposure, the reflection starts to decrease. The low reflection demonstrates rather 

small index changes for long time exposure. The growth of reflection spectrum at the initial 

stage is attributed to increase of refractive index change under UV exposure, while the decay 

at the later stage is due to the damage of core for long time UV exposure as well as the drift 

of the writing system shown in Figure 9B [13, 18, 53]. 

 

 

Figure 9. (A) The reflection spectra of Grating A after different dose of 355 nm UV exposure. (B) The 

maximum peak growth and its corresponding Bragg wavelength of Grating A versus the exposure 

dose. 
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3.2.3. Low Power Writing 

 

3.2.3.1. SM BPOF Gratings Fabrication 

To avoid the damage of the high power, the intensity of the writing beam is reduced to 

200 mW/cm
2
 and Grating B is fabricated. The normalized frequency of BPOF for Grating B 

at 1570 nm is ~0.9 [46]. Hence, single mode is expected as shown in Figure 10. After 0.29 J 

355 nm UV exposure with lower writing power, the reflection spectrum of Grating B is 

shown in Figure 10. It can be seen that the Bragg wavelength is ~1573.2 nm with the 

reflection intensity of ~6.7 dB and FWHM of ~0.2 nm [18]. Compared with Figure 9A and 

10, the reflection intensity of Grating B is smaller than that of Grating A, which may be due 

to both the low doping BDK and the low writing power. 

 

3.2.3.2. MM BPOF Gratings Fabrication 

With lower writing power of 153 mW/cm
2
, Grating C is written in MM BPOF again. 

The reflection spectra of Grating C under different UV exposure are shown in Figure 11A 

[30]. It can be seen that there are mainly four modes reflected in Grating C. The reflection 

position varies a little with exposure dose as shown in Figure 11B, attributed to the 

temperature and mechanical drift. The intensity and position of the maximum reflection peak 

(around 1574.3 nm) vs exposure dose is plotted in Figure 11B. It can be seen that a noticeable 

reflection peak is observed after 0.03 J UV exposure; then the grating continues to grow 

stronger with further exposure. After 0.15 J UV exposure, the reflection spectrum is formed. 

 

 

Figure 10. The reflection spectrum of Grating B after 0.29 J 355 nm UV exposure with lower writing 

power. The inset is the near field pattern of BPOF for Grating B at 633 nm [18]. 
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Figure 11. (A) The reflection spectra of Grating D after different 355 nm UV exposure at an average 

power intensity of 153 mW/cm
2
. (B) The peak intensity and wavelength around 1574.3 nm versus the 

UV exposure dose. 

The maximum reflection peaks at ~1574.3 nm with its intensity and FWHM of 5.1 dB 

and 0.3 nm, respectively. Then the grating reflection peak starts to decrease after 0.20 J UV 

exposure, indicating an onset of the grating decaying process. After 0.25 J UV exposure, the 

irradiation is OFF. The reflection of Grating C is not that high due to the multimode effect 

and drifting of writing system. Under the UV irradiation exposure, the growth and decay of 

Grating C under UV exposure displays again, due to the increase of refractive index change at 

the initial stage, and the damage of core after long time exposure and lower quality of the 

interference field at the later stage [30]. 

Compared with Figure 9B and 11B, the maximum reflection peaks should reach with 

very lower exposure dose (0.15 J), which suggests that optimization of the writing intensity 

and exposure dose play an important role to achieve high reflection in the BPOF gratings. In 

addition, the end coupling is very important for the detection of BPOF gratings due to the 

existence of the mechanical drift [30]. 

 

 

4. BPOF GRATINGS BASED SENSING APPLICATION 
 

4.1. Temperature Sensing 
 

POF gratings have higher temperature sensitivity than their silica counterparts due to 

large thermo-optic coefficient and large thermal expansion coefficient of polymers [4, 8, 9, 

54]. Therefore, they are much more sensitive to temperature than those of silica, more than 10 

times of the silica fiber gratings [7, 24]. For a given change of temperature, POF gratings 

temperature-sensors show a much greater wavelength shift than their silica counterparts, 

which either allows the use of lower resolution, simpler and therefore cheaper interrogation 

systems or alternatively enables the sensors to be used for the sensing of small temperature 

change in vivo. In addition, the higher temperature sensitivity of POF gratings based devices 

also allows device properties to be readily controlled thermally [5]. Moreover, advantage 

could be taken of the fact by making use of the huge range of organic chemistry techniques to 

modify the fiber materials [5] as well as lots of method or design to modify the fiber structure 

[6, 22, 33, 54, 55]. 
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So far, the temperature sensitivity of the gratings in the step index SM PMMA based 

POFs has been studied previously [6, 33, 54], revealing a negative temperature coefficient of 

between -146 pm/°C and -360 pm/°C significantly larger in magnitude than that observed for 

silica FBGs(~10 pm/°C) [24]. For Bragg gratings created in perfluorinated cyclic transparent 

optical polymer (CYTOP) POF, the sensitivity is about -167 pm/
o
C [56]. And in 2007, K. E. 

Carroll et al. report a lower magnitude of temperature sensitivity between -52 pm/°C and -95 

pm/°C in SM PMMA mPOFs [24]. For the FBGs in few mode TOPAS mPOF, there is even a 

calculated largest positive Bragg wavelength shift (810 pm/°C), which is dependent upon the 

fiber structure [22]. Recently, for SM TOPAS mPOF gratings the negative temperature 

sensitivity of -60 pm/
O
C and -36.5 pm/

o
C has also been measured [49, 57]. In addition, there 

exists a complex thermal response of the Bragg gratings in PMMA mPOFs due to its organic 

nature [5]. Recently, Chen et al. find that temperature response of SM PMMA POF with 

eccentric core also shows a negative sign with the thermal sensitivity of -50.1 pm/
o
C [55]. In 

addition, H. Dobb et al. find that for PMMA based POF the temperature sensitivity is also 

dependent upon the temperature range [58]. All these work demonstrates that the thermal 

response of POF gratings has great dependence upon their materials, fiber structure, as well as 

fabrication process [5, 6, 22, 24, 31, 49, 54-56, 58]. In this section, temperature sensing with 

SM & MM BPOF gratings will be reviewed, which will provide an effective guidance for the 

BPOF gratings used as a temperature sensor. 

 

4.1.1. SM BPOF Gratings for Temperature Sensing 

 

4.1.1.1. Thermal Property of SM BPOF Gratings 

 

4.1.1.1.1. Differential Thermal Analysis 

As one kind of the polymer materials, SM BPOF gratings will be required to operate 

under the glass transition temperature to assure good repeatability and stability. According to 

the differential scanning calorimetry result of BPOF [33], there is a small phase transition at 

48.2 
o
C, originated to the disturbing orientation of the main chain of POF materials resulted 

from the BPOF drawing [59, 60], for which the heat content is ~0.0488 J/(g
.o
C). So it is 

necessary to anneal the BPOF at a little higher than 48.2 
o
C prior to grating inscription for the 

good stability and repeatability of BPOF gratings temperature sensor [49]. The glass 

transition temperature of BPOF is ~112
 o

C(similar to the previous value [61]), which is 

dependent on the thermal history of the fiber preform fabrication, the fiber materials, the fiber 

draw parameters and UV exposure transition of BPOF [59, 62]. In addition, from 81.7 
o
C 

BPOF starts to change from brittle to ductile of BPOF [33]. Therefore, the maximum 

operating temperature of BPOF gratings should be lower than 81.7 
o
C. Furthermore, the upper 

limit operating temperature of BPOF gratings is ~282 
o
C, which is the degradation 

temperature of POF [33, 61]. 

 

4.1.1.1.2. Thermal Mechanical Analysis 

Thermal mechanical analysis (TMA) curve shows that BPOF expands when temperature 

increases from 25.43 to 79.95
 o

C, which can give the thermal expansion coefficient of ~
61051.78  /

o
C [33]. Especially, when temperature is higher than 79.95 

o
C, BPOF starts 
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shrinking [33, 55], which clearly explains why the BPOF gratings can hardly survive up or 

higher than 100 
o
C [24]. 

 

4.1.1.1.3. Thermal Optical Analysis 

According to the Ref. [33, 63], the refractive index of the BPOF core materials decreases 

with the temperature increasing. As PMMA and PEMA are the main materials of BPOF, 

thermal-optic coefficients of them are -1.3×10
-4 

/
o
C and -1.1×10

-4 
/
o
C, respectively [63]. So 

although there are other doping materials like BDK and BzMA, the thermal-optic coefficient 

only vary a little due to the small quantity of them [64]. Regardless the difference between the 

core and the cladding, dn/dT values of BPOF should be ~-1.36×10
-4 

/
o
C close to the value of 

the base material PMMA [33, 63] and   ~-0.92×10
-4

/
o
C. 

 

4.1.1.2. Theory of SM BPOF Gratings for Temperature Sensing 

For SM BPOF gratings when the temperature changes only, thermal-optic effects will 

cause the change of effn  (close to the core index) and the thermal expansion effects will cause 

the change of grating period  . According to the Bragg condition [29]: 

 

 (6) 

 

where B  is the Bragg wavelength. The Bragg wavelength B  will change due to the 

temperature change as given by [33, 65]: 

 

 (7) 

 

 

Figure 12. Temperature response of SM polymer FBGs and SM silica FBGs in theory. 
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In addition, it is often defined that 
T







1
  and 

T

n

n

eff

eff 




1
  are core's linear 

thermal expansion coefficient and thermal-optic coefficient, respectively [33, 65]. 

So the relative Bragg wavelength shift can be given by [33, 65]: 

 

 (8) 

 

Generally, for polymer FBGs the thermal expansion coefficient   is ~10
−5 

order, while 

the thermo-optic coefficient   is typically –10
−4

 order [31, 66]. The accurate parameters 

depend on the POF materials. Assuming that polymer FBGs operate at ~1570 nm at 20 ◦C, 

temperature response of polymer FBGs can be simulated as shown in Figure 12, in contrast to 

that of silica FBGs with  = 0.55 × 10
−6

 and  =-6.3×10
−6

, described mathematically as [31]: 

 

)T1091(1570 5
B

 (For SM polymer FBG) (9) 

 

)T106.851(1570 6
B

 (For SM silica FBGs) (10) 

 

For polymer FBGs, the slope is negative, indicating that the Bragg wavelength will 

decline as the temperature rises due to the large and negative thermo-optic coefficient. The 

changes in the effective refractive index and thermal expansion would enable the Bragg 

wavelength to move contradirectionally as temperature changes. Especially, the thermo-optic 

coefficient is 1 order of magnitude higher than the thermal expansion coefficient for polymer 

FBGs. Differently, this slope is positive for silica FBGs as both factors are positive and make 

the Bragg wavelength shift toward the same direction. The slope of polymer FBGs is much 

bigger than that of silica FBG, showing higher temperature sensitivity of polymer FBGs [31]. 

 

4.1.1.3. Thermal Response of SM BPOF Gratings 

The thermal response of BPOF gratings is performed with the experimental setup shown 

in Figure 13 [33]. 

 

 

Figure 13. The experiment setup for the thermal response of Grating D. 
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Figure 14. Bragg wavelength and the relative shift of Bragg wavelength of SM BPOF gratings vs 

temperature. 

Both ends of BPOF gratings are sticked using epoxy glue vertically on a metal panel. 

Then the sensing part of BPOF gratings is put into the oven, whose temperature is controlled 

by the PID method. The accuracy of the temperature measurement is 1 C, and it takes about 

2 minutes for the heating system to reach the desired temperature and 5 minutes for the 

stabilizing of the temperature. The reflection spectra of the BPOF gratings are recorded by an 

OSA when the thermal test is performed. A tunable laser source is adopted for the BPOF 

grating characterization, launched into the POF through a 3dB Y-type silica fiber coupler. 

With the setup in Figure 13, the thermal response of SM BPOF gratings (Grating D) 

from 24 
o
C to 52 

o
C is measured as shown in Figure 14. It can be seen that BPOF gratings 

display a negative wavelength shift with rising temperature, fitted with the following  

equation [33]: 

 

 (11) 

 

According to Eq. (11), the temperature sensitivity can be obtained to be around -147 

pm/
o
C, 10 times larger than the silica gratings, similar to the previous report (-149 pm/

o
C) 

[31]. In addition, blueshift of ~4 nm is achieved only with the temperature variation of 28 C, 

larger than that in silica fiber gratings [67], indicating higher thermal sensitivity of SM BPOF 

gratings than that of silica FBGs and showing great potential used as a temperature  

sensor [33]. 

Furthermore, the relative shift of Bragg wavelength of BPOF gratings vs temperature 

could be linearly fitted with the following equation [33]: 

 

 (12) 

 TB 147.0846.1571 

 
T

B

B 
 5104.900235.0
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Therefore, the thermal coefficient of the BPOF gratings is about 5104.9  /
o
C, far larger 

than that silica fiber gratings( C/105.7 o6 ) [68]. In addition, due to the thermal expansion 

coefficient of the core is 61051.78  /
o
C [33], the thermal optic coefficient can be derived as 

41073.1  /
o
C from Eq. (8), which is close to the previous value [69] but larger than the 

value calculated from the empirical equation(absolute value). 

 

4.1.2. MM BPOF Gratings for Temperature Sensing 

 

4.1.2.1. Theory of MM BPOF Gratings for Temperature Sensing 

Due to the characteristics of the interfacial-gel polymerization at the fabrication process 

of BPOF [30, 70, 71], the BPOF fabricated should be a graded index fiber. For our graded-

index MM BPOF(Grating E), the number of propagating modes is 26 at 1.57 μm [32]. Some 

of them will have almost the same propagation constant and satisfy the Bragg condition [72], 

which means that some of the modes can be reflected when they satisfy the Bragg condition. 

Furthermore, the temperature dependence of Bragg wavelengths(corresponding to N
th
 mode) 

of the graded-index MM BPOF gratings can be given by [32, 72]: 

 

(14) 

 

where n1 and n2 are refractive indices of the MM BPOF core and cladding, a is core radius 

and k is wavenumber. As list in Table 2, 
dT

dn1  for BPOF core and 
dT

dn2  for BPOF cladding are 

almost the same value of Co/101 4 , so Eq.(14) can be simplified into [32]: 

 

 (15) 

 

where n1 is larger than n2. According to Eq. (15), with order mode increasing, the varying 

speed of Bragg wavelength upon temperature change will increase linearly, that is to say, with 

the order mode increasing, the temperature sensitivity of MM BPOF gratings will increase 

linearly. According to Eq. (15), the temperature sensitivity of MM silica and MM polymer 

FBGs in theory can be given by [32]: 

 

 (16) 
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 (17) 

 

respectively, where the positive and negative represents the shift direction of Bragg 

wavelength. Seen from Eqs. (16) and (17) and Figure 15, the temperature sensitivity of MM 

polymer FBGs is negative value while that of MM silica FBGs is positive, indicating with the 

increase of temperature, the Bragg wavelength of MM polymer FBGs blueshifts while that of 

MM silica FBGs redshifts. For the same order of reflected mode, the temperature sensitivity 

of MM POF is about 5 times that of MM silica FBGs. In addition, the order influence upon 

the temperature sensitivity of MM polymer FBGs is almost 1 order larger than that of MM 

silica FBGs [32]. Furthermore, with the order of the reflected mode increases from 0
th
 to 60

th
 

order, for MM silica FBGs the temperature sensitivity will increase linearly from 16.7 pm/
o
C 

to 44.4 pm/
o
C, while for MM polymer FBGs the temperature sensitivity will increase linearly 

from -79.0 pm/
o
C to -104.3 pm/

o
C, showing higher temperature sensitivity compared with 

MM silica FBGs. 

 

Table 2. Relevant parameters of MM silica FBGs and MM polymer FBGs [32] 

 

Parameter MM silica FBGs Reference MM polymer 

FBGs 

Reference 

Core diameter 50μm [72] 23μm Our work 

Core index 1.4709 [72] 1.477 Our work 

Grating Period 534nm [72] 530.7nm Our work 

Operating Wavelength 1.55μm [72] 1.57 μm Our work 

Index difference 0.0137 [72] 0.011 Our work 

Thermal optic 

coefficient 

1 × 10
-5

 /
o
C [72] -10× 10

-5
 /

o
C [7] 

Thermal expansion 

coefficient 

0.55 × 10
-6

 [72] 5× 10
-5

 [7] 

 

 

Figure 15. The relationship between the temperature sensitivity of MM silica FBGs and MM polymer 

FBGs, and the order of the reflected mode. 

 
)1(104.2--0.07862 4-  N

dT
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4.1.2.2. Thermal Response of MM BPOF Gratings 

Similarly, the thermal response of MM BPOF gratings is performed with the 

experimental setup in Figure 16 [31]. With temperature increasing, the Bragg grating spectra 

of MM BPOF gratings blueshift (Figure 16), similarly to the thermal response of the SM 

BPOF gratings [31]. When the temperature is increased to 23.4 
o
C, the spectra will blueshift 

~0.6nm. Meanwhile, peaks a, b, c and d change into a‘, b‘, c‘ and d‘, showing that not only 

the Bragg wavelength shifts but also the peak intensity changes. The former change is mainly 

due to the change of refractive index and grating period [73], while the latter changes in the 

amplitude of different reflected modes is due to the displacement of the peak wavelength of 

the reflected modes [74, 75] and the temperature and mechanical drift. Due to the latter 

change, the reflection spectrum looks a bit messy. Each mode will be tracked according to its 

key features, such as the shape, the peak order, etc. In order to assure the repeatability from 

grating to grating or fiber to fiber, several techniques, such as the main peak tracking (only 

identify the main peak), the recalibration according to its key feature, the calculation of the 

average shift, the construction of a suitable algorithm to modulate and demodulate the shift, 

etc, will be used to solve this issue. 

Furthermore, it can be seen from Figure 17 that with the temperature increased from 16 to 

40 
o
C, the reflection intensity for the mode of a, b, c and d fluctuate from 7.0 to 12.4 dB, 6.4 

to 15.3 dB, 8.0 to 16 dB and 2.9 to 13 dB due to the displacement of the peak wavelength of 

the reflected modes [74, 75] as well as the temperature and mechanical drift, while the Bragg 

wavelength decreases linearly [32]. 

 

 

Figure 16. Reflection spectra of MM polymer FBGs(Grating E) at 16.8 
o
C and 23.4 

o
C, where four 

peaks a(1570.537 nm), b(1569.485 nm), c(1568.463 nm) and d(1567.547 nm) are chosen for 

comparison, respectively [32]. 
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Figure 17. (A) Peak intensity vs temperature for the peak a, b, c, and d. (B) The relationship between 

the Bragg wavelength of a, b, c and d modes, and temperature, and its corresponding linear fitting curve 

[32]. 

With linear regression it can be expressed as [32]: 

 

210.1572097.0  Tb  (for mode a) 

286.1571104.0  Tb  (for mode b) 

247.1570105.0  Tb  (for mode c) 

488.1569111.0  Tb  (for mode d) (18) 

 

where λb refers to the Bragg wavelengths. From Eq. (18), the temperature sensitivity for the 

mode a, b, c and d are -0.097, -0.104, -0.105 and -0.111, respectively, which is more than 8 

times that of MM silica FBGs [32, 72]. In addition, for the higher the mode, the higher 

temperature sensitivity it is [32]. Although temperature sensitivity for different modes is 

different, the difference is very small, less than 13%. Therefore, for the reflection of the 

neighboring modes, the temperature sensitivity is close to each other [32], which is the base 

of some tracking methods mentioned above in the temperature sensing with MM BPOF 

gratings. 

 

 

4.2. Stress & Strain Sensing 
 

Due to the low Young‘s modulus (about 25 times lower than silica) and high elastic limit 

of over 10% (about 10 times higher than silica), POF gratings are attractive for fiber-optical 

strain sensing [76], making that optical devices based on them will allows device properties to 

be controlled with large dynamic range [9]. POFs are also clinically acceptable, flexible and 

non-brittle, which makes POF gratings the candidate for in-vivo biomedical sensing 

applications [2, 77-79]. FBGs have been reported in both step index POFs [1, 12, 49, 80] and 

mPOFs [12, 15, 57, 81, 82] for sensing application. 

The strain sensitivity of POF gratings has been studied previously, revealing a strain 

coefficient of between 0.64 pm/ με and 2.7 pm/ με [3, 6, 7, 9, 10, 12, 20, 30, 49, 55, 81, 83-

86], which has almost the same order as that for conventional silica fiber gratings [87]. In 

addition, the absolute strain coefficient of polymer FBGs working at 1500 nm is almost twice 
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that at 800 nm [1, 3, 6, 7, 9, 12, 19, 30，49, 55, 81, 83-86, 88]. Dynamic range up to 270 nm 

with corresponding strain up to 21.33% has been realized in long period POF gratings [19, 

85], while in the polymer FBGs, dynamic range up to 73 nm with corresponding strain up to 

5% around 1550 nm has also been reported [50, 83]. Especially, the fiber laser based on POF 

Bragg gratings can be easily tuned over 35 nm by the simple axial tension method, which has 

the high strain sensitivity of 1.48 pm/με with the dynamic measurement range as large as 

2.37% [9]. 

Meanwhile, as polymer materials are typical viscoelastic materials, so POF will also 

exhibit evident viscoelastic nature, which means that the relationship between stress and 

strain depends on time, and even with step constant stress will cause increasing strain [89]. So 

far, there have been some reports regarding to the evident viscoelastic properties of POF 

gratings [3, 25, 30，50]. 

M. C. J. Large et al. find that for the mPOF LPG sensor, these viscoelastic effects are 

small till the sensor is intermittently strained up to 2%. The effect of stress relaxation has 

been shown experimentally to have only a small effect on the change in the wavelength of the 

loss features used in the measurement of strain. However, such time dependent effects 

become significant for a practical sensor [25]. Recently, Z. F. Zhang et al. also find that this 

shift is notably affected by the time-dependent stress relaxation in the fiber, especially when 

the FBG is subject to a relatively higher strain (~2%) [50]. 

 

4.2.1. SM BPOF Gratings for Stress & Strain Sensing 

 

4.2.1.1. Stress Sensing with SM BPOF Gratings 

When BPOF grating is strained, the Bragg wavelength varies due to the change of the 

grating period and the refractive index. The shift of the Bragg wavelength due to the strain 

change is given by [90, 91]: 

 

 (19) 

 

where neff is the effective refractive index of the fiber core, L is the length of stressed length, 

and L is the axial displacement. The first term in Eq. (19) represents the elastic stress 

induced index change (the photoelastic effect) and the second term is about the change of 

grating period. Furthermore, Bragg wavelength shift induced by the transversal strain (t) and 

axial strain (z) can be expressed as [91, 92]: 

 

 (20) 

 

where pij are the photoelastic constants of the strain optic tensor. The axial strain z is defined 

as [91]: 
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 (21) 

 

While the transversal strain t is expressed by Poisson ratio  as [91]: 

 

 (22) 

 

By further simplifying of Eq. (20), the Bragg wavelength shift ratio can be found as [67, 

91]: 

 

 (23) 

 

where peff is an effective photoelastic constant defined as [91]: 

 

 (24) 

 

For classic elastomers, the stress ( ) and strain ( z ) satisfies the following equation 

[30]: 

 

 (25) 

 

where E is the Young‘s modulus. If only the elasticity of BPOF is considered while 

neglecting the viscoelasticity, the relationship between stress ( ) and axial strain ( z ) of 

BPOF can also be described using Eq. (25). 

Employing the SM BPOF gratings (Grating B), the stress sensing is performed using the 

setup in Figure 18 [3, 30, 36]. One end of BPOF grating is bonded using epoxy glue vertically 

on a metal panel. Then ASE source is launched into the BPOF from a 3 dB SM silica fiber 

coupler. 

Afterwards different weights are put on tray connected with the other end of BPOF, so 

different stress is applied on BPOF grating, of which the interval is about 1 min. After the 

loading experiment, the unloading experiment begins as followed and different weight is 

taken away one by one, the interval of which is also about 1min. Meanwhile, the Bragg 

grating spectra are monitored as different stress is applied in the stress loading and unloading 

process as shown in Figure 19. 

When different stress is applied to BPOF gratings, it would bring about the deformation 

(tensile strain) of BPOF gratings, resulting in the shift of the reflection spectra of BPOF 

gratings (Figure 19A) [3]. 
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Figure 18. Experiment setup for the stress sensing of SM BPOF gratings [30]. 

From Figure 19A, it can be seen that the reflection spectra of BPOF gratings will redshift 

in the loading process while the reflection spectra blueshift in the unloading process. 

However, the reflection spectrum in the loading process does not totally overlap with that 

in the unloading process. Especially, seen from Figure 19B, such difference becomes larger as 

the stress decreasing from 15.2 MPa. When the stress has completely been unloaded, the 

Bragg wavelength returns to 1570.8 nm but there is still ~0.4 nm difference compared with 

the original Bragg wavelength (1570.4 nm), resulted from the viscoelasticity of BPOF [3]. 

Furthermore, the relationship between Bragg wavelength and stress for BPOF gratings in the 

loading process can be obtained by the linear fitting [3]: 
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Figure 19. (A) Reflection spectra of SM BPOF gratings after different stress loaded; (B) Bragg 

wavelength of SM BPOF gratings varying with different stress and the inset is the residual of the linear 

fitting. 

 (26) 

 

with low residual, seen from the inset of Figure 19B. 

From Eq. (26), the stress sensitivity of BPOF gratings in the loading process could be 

deduced to be 432 pm/MPa. Similarly, the relationship between Bragg wavelength and stress 

for BPOF gratings in the unloading process can also be linearly fitted as [3]: 

 

 (27) 

 

with low residual, also seen from the inset of Figure 19B. The stress sensitivity of BPOF 

gratings in the unloading process could be deduced to be 410 pm/MPa. So the averaged stress 

sensitivity of SM BPOF gratings is ~421 pm/MPa, 28 times higher than that of conventional 

silica fiber gratings (15 pm/MPa) [93], because of the lower Young‘s module of POF(~3 

GPa) than that of silica fiber (~100 GPa). Therefore, BPOF grating has great potential for the 

stress sensing, especially for the condition with small stress sensing. 

 

4.2.1.2. Strain Sensing with SM BPOF Gratings 

The strain sensing of SM BPOF gratings (Grating B) is performed using the setup in 

Figure 20 [3, 30]. Both ends of BPOF are glued and fixed on tow steel of blocks connected to 

two 3D micropositioners. One micropositioner is fixed and the other one can be shifted 

longitudinally so that an axial tensile strain will be applied to BPOF gratings. The tensile 

strain values are estimated by dividing the fiber longitudinal extension displacement by the 

total length between the 3D positioner (about 2.5 cm). The longitudinal displacement 

accuracy of the moving 3D micropositioner is 0.01 mm. The applied strain is applied by 

manually moving the 3D micropostioner, where the loading speed is only about 1 με/min. 

When the unfixed 3D micropositioner moves to the right side, BPOF will be stretched 

and induced strain z  applied to BPOF gratings, causing redshift of the reflection spectra of 

BPOF gratings (Figure 21A). According to Eq. (23), with the linear fitting in Figure 21B the 

relationship between the Bragg wavelength and tensile strain can be given by [3]: 

  432.0495.1570B 

  410.0872.1570B 
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 (28) 

 

with low residual( less than 0.1 nm as shown in the inset of Figure 21B). From Eq. (28), the 

strain sensitivity of BPOF gratings is deduced to be 12.1 nm/% (1.21 pm/με), similar to that 

of silica FBGs, basing its great potential as a strain sensor [94]. Furthermore, according to Eq. 

(23), peff of the SM BPOF gratings is about 0.23 and Young‘s module E of the SM BPOF 

gratings can further be deduced to be 2.87 GPa, close to the value of PMMA [94]. 

 

4.2.1.3. Viscoelasticity of BPOF Gratings 

As mentioned above, BPOF gratings will exhibit the viscoelasticity, which is the nature 

of the polymer materials [3, 25, 30, 50]. This means that the relationship between stress and 

strain depends on time, and even with step constant stress will cause increasing strain [89]. 

Therefore, the reflection spectra of BPOF gratings (Grating B) will evolve with time under 

42.5 MPa tensile stress as shown in Figure 22 [34]. When 42.5 MPa stress is loaded, the 

spectrum has an immediate response with its peak shifted to 1586.83 nm. Then with the time 

increasing, the spectrum continues redshifting till it reaches relative equilibrium after 110 min 

with its peak at 1594.905 nm, where the spectrum has already redshifted 23.94 nm since the 

stress loaded. 

 

 

Figure 20. Experiment setup for the strain sensing of SM BPOF gratings [30]. 

 

 

Figure 21. (A) Reflection spectra shifted with strain; (B) Bragg wavelength of BPOF gratings varying 

with strain, the inset is the residual of the linear fitting. 

  12.185.1569B 
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Figure 22. Evolution of reflection spectra for BPOF gratings (Grating B) at different time after 42.5 

MPa tensile stress was loaded (A) (0-110 min) and unloaded (B) (110-1781 min). 

 

 

Figure 23. Bragg wavelength shift and strain vs time after loading and unloading 42.5 MPa stress. 

When 42.5 MPa stress is unloaded at 110 min, the spectrum has an immediate recovery 

with its peak returns to 1577.02 nm. Then with the time increasing, the spectrum continues 

recovering till it returns to its original position (1570.920 nm). The immediate response and 

recovery is attributed to the elastic effect of the BPOF gratings to stress while the delayed 

response and recovery is due to the viscoelastic response of the BPOF gratings [3, 30]. In 

addition, it can also be seen from Figure 22 that since 42.5 MPa stress loaded, the reflection 

has dropped from 8.5 dB to 2.1 dB, while since 42.5 MPa stress unloaded, the reflection will 

start to recover, from 2.1 dB to 8.4 dB, due to the lower intensity of the light source at the 

longer wavelength. 
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According to Eq. (23), the Bragg wavelength shift and strain vs time after 42.5 MPa 

stress loaded and unloaded can be obtained as plotted in Figure 23 [34]. Seen from Figure 23, 

when 42.5 MPa tensile stress is loaded, there is an instantaneous Bragg wavelength shift of 16 

nm (corresponding to the elastic strain of 1.3%), followed by a delayed Bragg wavelength 

shift of 8 nm (corresponding to the creep strain of 0.7% [95]) attributed to the viscoelasticity 

of BPOF gratings. When the stress is unloaded, there is an instantaneous Bragg wavelength 

shift of -18 nm (corresponding to the elastic recovery of 1.5%), followed by a delayed Bragg 

wavelength shift of -5 nm (corresponding to the anelastic recovery of 0.4%) attributed to the 

viscoelasticity of BPOF gratings. Especially, the final part (0.08% strain) after 219 min‘s 

recovery (corresponding to Bragg wavelength shift of only -1 nm) requires almost one day 

recover completely. This kind of time dependent effects is due to the viscoelasticity, which 

will bring complexity for the use of BPOF gratings in mechanical sensing [25]. To solve the 

viscoelastic issue, one method is to embed the FBG region into an elastic material with a 

lower viscosity to form a device [50] or directly fabricate BPOF gratings with elastic optic 

materials. 
 

4.2.2. MM BPOF Gratings for Stress & Strain Sensing 
 

4.2.2.1. Theory of MM BPOF Gratings for Stress & Strain Sensing 

When an axial tensile strain is applied to MM BPOF gratings, the wavelength of the 
i
th 

reflection mode ( i
B ) will also shift by an amount i

B  due to the periodicity change and the 

effective refractive index change induced by the strain. Similarly, the strain effect can be 

expressed as [30, 75, 96]: 
 

 (29) 
 

where z  is the axial strain suffered by MM BPOF gratings and effp  is the effective strain-

optic constant. 

Take BPOF gratings as the elastomer, combining Eqs. (25) and (29), i
B  can be given by 

[30]: 
 

 (30) 
 

However, as BPOF is a viscoelastic material so the measured Young‘s modulus will 

change when the stress is applied. When the stress is loaded gradually, the strain increases 

non-linearly with the stress loaded [94]. When the stress is removed, recovery occurs and 

strain relaxes non-linearly with the stress unloaded [25]. So Eq. (30) is hardly to be satisfied, 

and there will be [30]: 
 

 (31) 
 

where nK  is the polynomial fitting coefficient and k is the best fitting polynomial order used. 
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4.2.2.2. Stress Sensing with MM BPOF Gratings 

The stress sensing of MM BPOF gratings (Grating C) is performed with the same 

experiment setup in Figure 18 [30]. When the stress is applied, the Bragg grating spectra will 

change as shown in Figure 24 [30]. It can be seen that as the stress increases, the spectrum 

with the first (λ1) and second (λ2) maximum peak at 1571.383 and 1572.373 nm redshifts. 

When the stress is 9.59 MPa, the spectrum has already redshifted 2.8 nm without change of 

shape. 

However, the amplitudes of the reflected modes vary a little, due to a major effect of the 

displacing peak wavelength of the reflected modes [74, 75]. When the stress is unloaded 

gradually, the spectrum returns. But it can not return its original position when the stress is 

reduced to 1.35 MPa, where there exists ~0.1 nm difference [30]. 

The first and second maximum Bragg resonant wavelengths of MM BPOF gratings vs 

different tensile stress are plotted in Figure 25A and B, respectively, fitted with the linear 

regression and second order polynomial regression. 

Taking into account the linear fit to experimentally measured data, the stress sensitivity 

varies from 349 to 352 pm/MPa, and the average stress sensitivity is ~351 pm/MPa [30]. In 

addition, there are ~0.1 nm difference between intercepts of the loading and unloading 

process due to the viscoelasticity of BPOF gratings [25]. 

 

 

Figure 24. Shift in Reflection spectra of MM BPOF gratings (Grating C) with different stress. The 

values of the stress are: (a) 1.35MPa, (b) 5.47MPa and (c) 9.59MPa, respectively [30]. 
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Figure 25. The first (A) and second (B) maximum Bragg resonant wavelength and their corresponding 

linear and second order fit with the axial loading and unloading stress process for MM BPOF gratings. 

The dot and dash-dot lines on all the graphs represent the linear fit to the experimental data, whereas the 

solid and dash lines represent the best second order polynomial fit [30]. 

 

Figure 26. Variations of the stress sensitivities of MM BPOF grating for stress sensing [30]. 

Compared with the linear regression, the best fit is the second order polynomial fit, which 

shows higher adjusted R-squared and much smaller deviations. The stress response of the 

Bragg wavelengths for the second order polynomial regression, can be expressed as [30]: 
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 (32) 

 

where λb is the corresponding Bragg wavelength with different stress, ζ MPa. 

Considering the second order polynomial fit, the stress sensitivities of MM BPOF 

gratings are stress dependent shown in Figure 26, which lie in the range from 226 to 420 

pm/MPa with 1.35 MPa stress, whereas the corresponding stress sensitivities with 9.59 MPa 

stress lie in the range 285–472 pm/MPa for MM BPOF gratings [30]. It can also be seen that 

the stress sensitivities are almost the same for different modes, but the changing trend of the 

stress sensitivities in the stress loading and unloading process are totally different, attributed 

to the viscoelasticity of BPOF gratings [25]. 

 

4.2.2.3. Strain Sensing with MM BPOF Gratings 

Similarly, strain sensing with MM BPOF gratings is also performed with the experiment 

setup in Figure 20. The first and second maximum Bragg resonant wavelengths of MM BPOF 

gratings vs different tensile strain are plotted in Figure 27A and B, respectively, fitted with 

the linear regression and second order polynomial regression [30]. Taking into account the 

linear fit, the strain sensitivity varies from 1.16 to 1.19 pm/με, and the average strain 

sensitivity is about 1.18 pm/με, almost the same as that of conventional silica FBGs [97], but 

a little lower than the previous result [6, 30]. 

Compared with the linear regression, the second order polynomial fit is also considered 

and shows almost the same results as that of the linear fit (Figure 27) [30]. The adjusted R-

squared has no evident improving, showing that it is suitable to be fitted with the linear 

regression different from the stress sensing. The strain response of the Bragg wavelengths for 

the second order polynomial regression can be expressed as [30]: 

 

 

Figure 27. The first (A) and second (B) maximum Bragg resonant wavelengths and their corresponding 

linear and second order fit with the axial loading and unloading strain process for MM BPOF gratings. 

The solid and dash lines on all the graphs represent the linear fit to the experimental data, whereas the 

dot and dash-dot lines represent the second order polynomial fit [30]. 
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Figure 28. Variations of the strain sensitivities of MM BPOF grating for strain sensing [30]. 

 

 
 (33) 

 

where λb is the corresponding Bragg wavelength with different strain,  με. Seen from Eq. 
(33), it is noticeable that all coefficients of the second polynomial fit are positive different 

from the case for stress sensing. 

Considering the second order polynomial fit, the strain dependent strain sensitivity has 

been illustrated in Figure 28. It can be clearly seen from this figure that the strain sensitivities 

are different for different modes and processes, and increase linearly with the strain 

increasing. The strain sensitivities of MM BPOF grating are strain dependent and found to lie 

over the range from 1.05 to 1.28 pm/με. The changing range is very narrow showing good 

consistency [30]. 

Furthermore, the value of peff can be calculated to be ~0.25, which is a little larger than 

that of the silica fiber (0.22), which means that the strain sensitivity of MM BPOF gratings is 

a little smaller than that of the silica fiber [30, 91]. And the value of E for such MM BPOF 

gratings can be estimated to be about 3.368GPa, close to the value of PMMA [94]. These 

results are very important for the measurement of strain/stress with MM BPOF gratings [30]. 
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5. REMARK 
 

Both SM and MM BPOF gratings have higher temperature sensitivity, higher stress 

sensitivity, higher yield limit and wider dynamic range compared with their counterparts in 

silica fiber. All these results demonstrate that BPOF gratings have great potential for the 

temperature, stress and strain sensing. Although the photosensitivity of BPOF has improved, 

a number of issues: the poor stability of the BPOF, relatively low index change, etc, remain to 

be addressed. Moreover the viscoelasticity brings some complexity for the application of the 

BPOF gratings. In this regard the materials may need to be modified and optimized for 

enhanced photosensitivity and stability and reduced viscoelasticity. 
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ABSTRACT 
 

As one of the techniques for overcoming the size limitations of micro-electro-

mechanical-systems (MEMS) devices, we chose to fabricate MEMS structure and electric 

circuits on fibrous substrates instead of using the Si chips; and thus we are now 

witnessing ordinary fibers evolving into "smart fibers" embedded with functions such as 

sensors and actuators. In addition, it is planned that these smart fibers be woven into e-

textiles with these new functions which work as a large-area display and a wearable 

health checker. To transfer continuously MEMS patterns and weaving guides that can 

determine the positions for fixing smart fibers on the surface of optical fibers, we selected 

thermal imprinting and focused-ion-beam (FIB) etching technologies. We developed two 

kinds of reel-to-reel thermal imprint system. In the first system, a fiber is sandwiched by 

two plane molds and rolls under the traction force of sliding molds traveling in opposite 

directions. With this method, 5-m-width square and circular dotted patterns were 

successfully transferred onto the entire curved surface of a 250-m-diameter plastic 

optical fiber (POF) using a reel-to-reel feeder as a batch processing operation by a 

repetition of roller-imprinting. In the second system, we used a cylindrical mold with 

hybrid-layered microstructures consisting of 260-m-wide macro patterns and several-

10-m-wide patterns fabricated by precise cutting with a forming tool and 3-D 

photolithography using a flexible mask. The cylindrical mold heated up to 50 ºC with an 

infrared lamp, was pushed into the surface of POF to a depth of 50 m. As a result, we 

succeeded in the transfer of weaving guides and various micro-patterns onto the surface 
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of the POF at a sending speed of 20 m/min. On the other hand, a mold for high-

temperature imprinting on a quartz optical fiber (QOF) was fabricated with a glass-like 

carbon (GC) substrate. Mold patterns with high accuracies were processed by applying 

MEMS fabrication techniques. Precise patterns with 5-m-linewidths were transferred on 

the front surface of a 200-m-square QOF by thermal imprinting at a temperature of 

1350 ºC. In another work, a 3-D processing technology using a FIB etching was 

developed to fabricate a spiral coil on the surface of QOFs so that a knot may not exist. 

Using a prototype rotation stage, we succeeded in the seamless patterning of 1-m-wide 

features on the full-circumference surface of a 250-m-diameter QOF. The micro-coils 

can be applied to receiver coils of nuclear magnetic resonance imaging systems used in 

imaging blood vessels. 

 

Keywords: Optical fiber, MEMS, Hot embossing, Nanoimprint, FIB etching 

 

 

INTRODUCTION 
 

Micro-electromechanical-systems (MEMS) are widely used in optical, electrical, 

chemical, and biological fields such as in digital micro-mirror devices of projectors, precise 

nozzles installed in the head of inkjet printers, and in many kinds of sensors that measure 

various physical conditions (Kaajakari 2009). These MEMS devices are processed by the 

technology that is employed in mechatronics and in the manufacturing of semiconductor 

devices. In a conventional electronic device, their functions are provided by the assembling 

and wiring of numbers of electronic components (e.g. ICs, resistors, and capacitors) that are 

formed on the surface of a printed-circuit board (PCB). Typically, PCBs are made of 

materials such as paper/phenol and glass/epoxy resins that are not flexible enough to be of use 

in certain applications. MEMS devices, unlike semiconductor integrated circuit devices, may 

comprise movable 3-dimensional (3-D) structures with various machine elements and 

electronic circuits built on substrates of silicon, glass, and organic materials. However, 

continued increase in Si wafer size has its limitations and other alternatives for the 

development of large size MEMS devices need to be explored. In our works, we are departing 

from industry‘s conventional dependence on large-size Si wafers, and we are by passing the 

constraints of MEMS manufacturing equipment that require high vacuum environment for 

their operations. As one of the techniques for overcoming the size limitations of MEMS 

devices, we chose to fabricate MEMS structure on fibrous substrates instead of doing it on Si 

chips. We are now witnessing an evolution of ordinary fibers into ‗‗smart fibers‘‘ laid out 

with functions such as sensors and actuators as shown in Figure 1(a). These smart fibers 

equipped with new functions would eventually be woven into e-textiles. The woven fibers 

would easily conform to the anatomy of human body like any other clothing does, and would 

fit on the substrate of many wearable devices, such as health checkers and safety jackets, and 

thus replacing the need for plastic films currently used for wearing such devices. 

To form micro-/nanoscale structures on curved surfaces, special techniques must be 

employed. It is very difficult to process a seamless pattern similar to a spiral structure onto a 

cylindrical surface such as the surface of fibers, especially those with small diameters of 1 

mm or less. To process a precise pattern on a cylindrical surface, various techniques have 

been proposed. The patterning technologies so far reported fall under three main 

classifications. The first one is a direct-write scheme using: (a) laser (Kikuchi et al. 2007; di 
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Benedetto et al. 2008); (b) focused-ultraviolet (UV) lights (Siewert and Löffler 2005; Lee et 

al. 2010); and (c) electron beam (Chand et al. 2009; Taniguchi and Asatani 2009). The second 

one is a projection technique using: (a) hard photomasks (Lu et al. 2010; Mineta et al. 2011), 

and (b) X-ray masks (Katoh et al. 2001; Mekaru et al. 2004). And the last one is an exposure 

technique using a flexible mask lapped around the cylindrical surface (Li et al. 1999). 

Although all the above methods are innovative and unique but none of them, because of their 

high cost and low throughput, are suitable for high-volume manufacturing processes. In order 

to fabricate woven-MEMS devices at a high throughput, novel technologies such as 

continuous manufacturing of smart fibers would be necessary. We have also looked into the 

applications of hot embossing (Worgull 2009) and nanoimprinting (Sotomayor Torres 2003) 

as a technology that can directly fabricate microstructures on the cylindrical surface of fibers. 

And next, we plan to manufacture a smart fiber after metallization by inkjet printing to fill up 

the cavities of the imprinted patterns with various materials. 

 

 

Figure 1. Illustrations of; (a) smart fiber with MEMS structures on its surface, and (b) contact point of 

smart fibers using weaving guides. 

On the other hand, the substrates made of e-textile are quite flexible and can be worn by 

humans where the devices can conform to any surface of human anatomy. This flexibility in 

the substrate led to the development of smart clothes that can be worn by humans, such that, 

by proper positioning of the physical and chemical sensors on the clothes, many physical and 

biological conditions of the wearer‘s body can be monitored (Nugent et al. 2003; Engin et al. 

2005). In one case, simple computational elements and light emitting-diodes were assembled 

into a woven substrate, using which a wearable computer with monitoring systems was 

fabricated (Marculescu et al. 1995; Buechley and Eisenberg 2009). Another technique for 

making e-textile was proposed where fibers with specific functions were woven into one 

another. For instance, in one case, a sensor was made by weaving functional fibers coated 

with piezo-resistive materials (Huang et al. 2008), and in another case, an information routing 

device was developed using smart fibers with organic transistors formed on the fibers‘ surface 

(Lee and Subramanian 2005). In a fabric where warps and wefts intersections are designed to 

function as mechanical and electrical contact points for its e-textile device, the uniformity of 

the weaving density becomes very critical. In one case, a solar cell embedded ribbon fiber 

with a rectangular cross-section was employed that could preserve the cell‘s positions because 

such a ribbon-shaped structure could not easily be twisted (Wagner et al. 2002). However, in 
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case of fibers with circular cross-sections, the task of maintaining their assigned positions 

becomes difficult. In one case in order to make inverter circuits, a fabric of conductive fibers 

was used where the warps and wefts of the fibers were connected using contact pads 

(Bonderover and Wagner 2004). In another case, conducting-polymer-coated woven fibers 

with electrical contacts were used taking advantage of their globe-shaped contact points 

(Hamedi et al. 2007). For the processing of weaving guides, deep concave structures in fiber 

were created resulting in significant deformation of the fiber‘s cross-section as shown in 

Figure 1(b). Since a weaving guide has to fix several-hundred-m diameter woofs, a 

comparatively large structure of the order of hundreds of microns wide was required. On the 

other hand, since cantilevers and electric circuits are currently assumed as main components 

in MEMS structures, we presume that the pattern width would be tens of m. Such structures 

because of the differences in their pattern sizes, would naturally differ in their imprint 

conditions. One involves processing on the cylindrical surface of the fiber, and the other is to 

purposefully induce a deformation in the bulk material of the fiber. However, the molding 

characteristics of the fiber are not well understood at the present time and not much has been 

reported on the subject. 

 

 

MOLDING CHARACTERISTICS OF PLASTIC OPTICAL FIBER 
 

Motivation 
 

One of the thermoplastic materials widely used in MEMS field is polymethyl 

methacrylate (PMMA) which has also been used in the field of X-ray lithography (Soper et al. 

2000). Moreover, mechanical properties and the physics of the PMMA process in hot 

embossing and thermal nanoimprint lithography have already been addressed (Heckele and 

Schomburg 2003; Hirai et al. 2003; Hirai 2010). However, the shapes of the PMMA 

substrates in the previous molding experiments used to be in form of plane surface. Now we 

deal with curved surfaces of plastic optical fibers (POF) that are used quite often in the field 

of MEMS (Keiser 2003; Grattan and Meggitt 2003). We investigated the relationship between 

the imprinted depth on POF and the heating temperature of molds with various press depths. 

In our thermal imprinting work, four kinds of buffer materials were studied by placing them 

under the POF, followed by an application of pressures as dictated by thermal imprinting 

operation. Then after each imprinting the deformation of POF was studied. 

 

 

Thermal Imprinting Experimental Setup 
 

Figure 2 shows a setup for thermal imprinting that uses a desktop nanoimprint system NI-

1075 (Nano Craft Technologies) (Takahashi et al. 2006a). In this system, ceramic heaters 

were installed on its upper and bottom stages, where on those stages, mold and molding 

materials of 30 mm
2
 or less were set. The mold that served as a master structure was 

fabricated by Ni electroforming after patterning a photoresist film on it by employing UV 

lithography. The size of the Ni mold was 15×15×2 mm
3
. A buffer material of 30×30×3 

mm
3
 was placed on the bottom stage. For buffer, four kinds of materials with different 
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hardness values were employed as shown in Table 1. The electroformed-Ni mold and the 

buffer material were fixed to the upper and bottom stages with polyimide double-faced tapes. 

A POF CK-10 (Mitsubishi Rayon) made of a 240-m-diameter polymethylmetacrylate 

(PMMA) core covered with a 5-m-thick fluorine clad material [Figure 3] was stretched and 

fixed on the flange of a bellows-type vacuum chamber with a double-faced tape as shown in 

Figure 2. The upper stage was movable along the vertical direction with a servo motor, while 

the bottom stage was set to be stationary. The upper stage was connected to a load cell to 

monitor the contact force during its press operation. After a buffer material was set up, the 

upper stage was lowered down toward the POF while monitoring the contact force that did 

not register any value until the stage made its first contact with the fiber, where that position 

was recorded and referred as a press beginning point. From that point on, and in reference to 

the press beginning point, the press depth was changed to 25, 75, and 125 m. The maximum 

press depth of 125 m equaled half the size of the diameter of POF CK-10. The value of the 

press depth was kept within a range of 25–125 m. The reason was that on the low end side, a 

threshold value of 25 m was defined; and below that point no imprinted pattern could be 

observed, or where any imprinted depth and the press depth did not exhibit any 

proportionality. On the other hand, in case of a press depth above 125 m, the POF sank into 

the buffer material by an excessive pressure, where the experiment could not be repeated 

using the same buffer. The speed of the pressing and de-molding was fixed to 300 m/s. The 

glass transition temperatures of PMMA core and of fluorine clad of POF CK-10 were 110 ºC 

and below room temperature (or less than 25 ºC). While the temperature of the bottom stage 

was maintained at room temperature (25 ºC), the temperature of the upper stage was varied 

from 25 to 125 ºC in steps of 25 ºC intervals. After the heated upper stage was pressed on 

POF by a preset press depth and held there for 1 s, the stage was raised while pulling the Ni 

mold and the POF apart, without allowing any cooling of the materials to occur. 

 

 

Figure 2. (a) Photograph and (b) schematic diagram of setup for thermal imprint experiments on POFs. 
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Table 1. Hardness and heat-proof limit temperature of four kinds of buffer materials 

for thermal imprint on POF 

 

 
 

 

Figure 3. Photographs of (a) 250-m-diameter POF and (b) cross-sectional shape of POF. 

 

Measurement of Imprinted Depth on POFs 
 

Figure 4(a) is an optical micrograph of a convex 10×10 m
2
 square dotted pattern of the 

electroformed-Ni mold used as a standard pattern to evaluate the molding accuracy in this 

experiment. The square dots 3.2 m in height were arranged in 20 m pitch forming a lattice. 

Figures 4(b) show concave patterns imprinted on the surface of POF. In Figure 4(b-1), the 

imprint result shows the case of using ethylene-propylene terpolymer (EPT) rubber as the 

buffer material at a heating temperature of 125 ºC, and a press depth of 125 m. Figure 4(b-2) 
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on the other hand, shows the imprint result where Ni plate was used as buffer material under 

the same heating temperature and press depth as used in the previous case. A comparison 

between the photographs from the two cases shows that the transferred mold patterns were 

quite wide in the case where a buffer material with high hardness was used. The reason for 

this was that the cross-sectional shape of POF changed from a circular arc to a rectangular 

trough, which will be described later in detail. 

Figure 6 shows the measurement results of the imprinted depths using the four kinds of 

buffer materials. A trend of increasing imprinted depth with a temperature rise was apparent 

in all cases. However, the range of the imprinted depths seemed to be dependent on the kind 

of buffer material used. When the buffer material with low hardness (in comparison to 

PMMA), like silicone and EPT rubbers, was used, the imprinted depth roughly increased in 

direct proportion to the increase of heating temperature. In case of silicone rubber at a heating 

temperature of 125 ºC the imprinted depth reached 3.05 m for all press depths. In case of 

EPT rubber at a heating temperature of 125 ºC, and press depth of 125 m, the imprinted 

depth reached 3.11 m. However, in case of PMMA sheet and Ni plate at a heating 

temperature of 25 ºC, pattern with imprinted depth of 2 m or more could be processed. In 

case of PMMA sheet, at a heating temperature of 75 ºC or more and press depth of 75 m or 

more the imprinted depth became 3.0 or more. When the heating temperature was 125 ºC and 

the press depths was 125 m the imprinted depth exceeded 3.25 m. The imprinted depth 

also exceeded 3.20 m in the case of using Ni plate (hardest among the four kinds of buffer 

materials) when the heating temperature was 100 ºC or more and the press depth was 25 m. 

Naturally, when the press depth increased, the depth of the imprinted pattern also increased. 

The differences between the imprinted depths with increasing of press depths became small at 

high heating temperature. From the above-mentioned results, it was clarified that mold 

patterns were transferred onto the surface of POF almost completely when a hard buffer 

material was used; when the mold was heated at a comparatively high temperature and large 

press depth, the depth of the imprinted pattern increased. 

 

 

Figure 4. Optical micrographs of 10 m×10 m square dotted pattern: (a) in electroformed-Ni mold, 

and (b) on the surface of imprinted POF. 
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To measure the depth of the imprinted pattern on the surface of POF, we mounted an 

imprinted fiber under the lens of a five-line confocal microscope Optelics S130 (Lasertec) for 

observation [Figure 5]. The two ends of the POF were held by fiber rotators F264N-1 (Suruga 

Seiki) on the setup. The fiber was rotated about its axis by turning the rotators until the 

imprinted surface of the POF faced the microscope lens through which the pattern could be 

observed and measured. 

 

 

Figure 5. Photograph of the setup for measurement of imprinted depth on the surface of POF using fiber 

rotators and confocal microscope. 

 

Figure 6. Relationship between the imprinted depth on POF and heating temperature of mold. The press 

depth (Dp) was changed to 25, 75, and 125 m. Buffer materials used: (a) silicone rubber, (b) EPT 

rubber, (c) PMMA sheet, and (d) Ni plate. 
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Observation of Deformed Core of the POFs 
 

POF‘s cross-sectional shapes were observed with an optical microscope after cutting the 

imprinted POFs by a dicing saw. At first, POFs after imprinting were secured on a 4-inch Si 

wafer with a double-faced tape as shown in Figure 7, and this wafer was then set on a 

working stage of a wafer dicer DAD 522 (Disco). POFs were then covered with a polyimide 

tape so that the POFs do not get loose and fall off from the Si wafer during the insertion of 

distilled water that accompanies the dicing and cutting operation. However, the fluorine clad 

coated on the PMMA core might peel off with the polyimide tape because there is a strong 

adhesive force that exists between the polyimide tape and POFs. Hence the cutting part using 

the dicing saw was covered by a mending tape with a comparatively weak adhesive force to 

prevent POFs coming off and to ascertain not to deform POFs during the dicing and cutting 

processes. POFs and the Si wafer were cut by dicing while moving the working stage at a 

speed of 0.4 mm/s and the saw‘s rotational speed of 30,000 rpm. 

 

 

Figure 7. (a) Photograph of imprinted POFs fixed on a 4-inch Si wafer by tapes, and (b) illustration of 

cutting of the POFs by dicing. 

Figure 8 shows cross-sectional optical micrographs of POFs after they were thermal 

imprinted at the press depths of 25 and 125 m. At a comparatively high hardness buffer 

material, the circular cross-section of the PMMA core began to deform into a ribbon shape 

with rising temperature. When this phenomenon was compared with the results from press 

depths of 25 and 125 m, it became obvious that at deeper press depths, the cross-sectional 

shape of the PMMA core was deformed considerably. To quantify this deformation a scheme 

is presented in Figure 9 and results from these measurements are shown in Figure 10. The 

results show that when silicone and EPT rubbers were used as the buffer material, the 

diameter of PMMA core was not affected by thermal imprinting. However, in the case of the 

buffer material being equal to or harder than PMMA, the PMMA core exhibited deformation 

even at a room temperature of 25 ºC. And moreover, the deformed diameter of PMMA cores 

decreased as the press depth, and the heating temperature increased. This means that the 

contact force impressed on all materials with different hardness during the imprint process 

caused thermal deformation of the material with comparatively low hardness. Therefore, in 
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case of buffer material with hardness less than that of PMMA, any contact force applied to 

PMMA could be warded off. 

 

 

Figure 8. Photographs of cross-sectional shapes of imprinted POFs using four kinds of buffer materials. 

 

 

Figure 9. Deformation process of cross-sectional shape of POF by thermal-imprinting. 
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Figure 10. Relationship between the diameter of POF‘s core and heating temperature of mold. The 

press depth (Dp) was changed to 25, 75, and 125 m. Buffer material was: (a) silicone rubber, (b) EPT 

rubber, (c) PMMA sheet, and (d) Ni plate. 

 

SURFACE PATTERNING ON PLASTIC OPTICAL FIBER 
 

Motivation 
 

Roller hot embossing and roller nanoimprinting using a cylinder mold are very attractive 

technologies because of their mass producing capabilities. A roller imprinting is planned to be 

applied as a technique with which we can process smart fibers at high speed. However, it is 

very difficult to apply the process on arbitrarily shaped patterns such as MEMS structures and 

electronic circuits of nano-micro size on the cylindrical surface of roller mold. We are 

developing a flexible display for one of the applications. In this device, we plan to use inlet 
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tubes and plastic optical fibers to form a smart fibrous substrate with MEMS structures on its 

surface. In previous works, a 1/16-in.-diameter Teflon perfluoroalkoxy (PFA) inlet tube was 

rolled onto a planar mold, and we successfully transferred the convex pattern from the planar 

mold to the cylindrical surface of the Teflon-PFA inlet tube (Mekaru et al. 2009a). In the 

technique that we used, only a cylindrical surface could impart soft patterning without 

crushing a Teflon-PFA inlet tube by selecting a suitable press force, an imprint temperature, 

and a rotational speed. We then began the development of the processing technology on the 

surface of a POF by thermal imprinting using sliding planar molds as the first step in the 

development of smart fibers. 

 

 

Imprinting on POFs using Sliding Planar Molds 
 

We developed a thermal imprinting system that specialized in patterning on the surface of 

a fibrous substrate. The system was essentially a thermal imprint device that comprised two 

sliding planar molds, and a reel-to-reel feeder designed to automatically send the fiber at 

preset intervals. In a reel-to-reel feeder, the two ends of a fiber are rolled in a sending reel 

station and a winding reel station, as shown in Figure 11 (step 1). The pattern surfaces of the 

two molds face each other (one facing up and the other facing down) with the fiber mounted 

at their center. The two planar molds are heated to a preset temperature beforehand, and the 

upper stage is mounted with the mold facing down is lowered until it makes contact with the 

fiber [Figure 11 (step 2)]. Next, the upper and lower molds are moved in opposite directions. 

During these motions, the fiber is constrained to roll against the sliding motions of the planar 

molds. The fiber undergoes a twist in proportion to the distance traveled by the planar molds; 

through this process a precise pattern of planar molds is transferred onto the cylindrical 

surface of the fiber. Then, in order to avoid the twisting of fibers, we built a mechanism to 

rotate both ends of the fiber by rotating the two reel stations in synchronization with the 

sliding motion of the two planar molds [Figure 11 (step 3)]. After the fiber and reel stations 

have reached their half-way rotation point, the upper mold is pulled away from the fiber 

[Figure 11 (step 4)], and then the two upper and lower molds and both reel stations are moved 

back to their initial positions and orientations [Figure 11 (step 5)]. At that time the imprinted 

part of the fiber is then wound up into the winding reel station, and the next part of the fiber is 

set between the planar molds using the reel-to-reel feeder [Figure 11 (step 7)]. The upper right 

photograph in Figure 11 shows the loading stage for thermal imprinting using sliding planar 

molds. Electroformed-Ni molds with a size of 15×15×2 mm
3
 were mounted on Aluminum 

loading stages. A self-assembled monolayer (SAM) of a release agent Optool HD-2101TH 

(Motoji 2008) (Daikin Industries) was formed on the surface of the electroformed- Ni mold.  

A plastic fiber was placed on the center of the mold pattern area. The maximum press 

force and imprint temperature were designed to be 300 N and 250 ºC, respectively. Moreover, 

the other pictures in Figure 11 are a sequential photograph where the sending reel station is 

rotated halfway to prevent the fiber from twisting. The rotational speed of the reel stations is 

calculated by a computer to synchronize it with the speed of the sliding movement of the 

planar molds, and is automatically set. The maximum feeding speed of the fiber has been 

designed to be 40 m/min. The tension was controlled between 0 and 100 N using a several 

weights. The size of this system is 3.6 m in length, 1 m in width, and 1.75 m in height. 
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Figure 11. Patterning procedure on the cylindrical surface of POFs by a combination of sliding planar-

mold stages and 180º-rotatable reel stations. (Right) Photographs of thermal imprint stages during 

pressing, and reel station during 180º rotation. 

 

Optimization of Sliding Speed of Planar Molds 
 

In this experiment, we selected the POF CK-10. Based on the experimental data in 

molding characteristics of the POF (Mekaru et al. 2013a), the contact force, heating 

temperature, and contact time were set at 12 N, 50 ºC, and 0.5 s, respectively. The width of 
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the sliding plane mold was 0.4 mm. Considering the sliding distance of the both upper and 

lower molds, it became possible to imprint a total width of 0.8 mm. The 250-m-diameter of 

the fiber approximately amounted to 785 m as its circumference. Therefore, a plastic fiber 

can be imprinted covering its entire circumference. Our thermal imprint method differs from 

the traditional hot embossing and thermal imprinting techniques in the sense that here the 

sliding speed of the planar molds exists as one of the important molding conditions. The 

maximum sliding speed of our imprint system was 800 m/s. We then examined four sliding 

speeds that were 800, 400, 200, and 40 m/s. The heating temperatures and the press depths 

were set to be 50 ºC and 20 m, respectively. The imprint results of the square and circular 

dotted patterns are shown in Figures 12(a) and 12(b), respectively. An inset illustration shows 

the cross-sectional drawing of the imprinted POF. In these figures, the part where the planar 

molds came into contact with the POFs was chosen to represent the contact edge (point A), 

and the part where the planar molds separated from the POF was chosen to represent the 

release edge (point B). The rotation angle in the x-axis means the turning angle of the POF to 

indicate a relative position of the imprinted patterns that exist between the positions A and B. 

The scale of the turning angle referred to the fiber rotators F264N-1 that were used to 

maintain both ends of the imprinted POF in confocal microscope observations. When the 

sliding speed was 40 m/s, the pattern depth was deeper at the contact edge than that at the 

release edge in both figures. The deviation of the pattern depth became smaller in accordance 

with an increase of the sliding speed. In thermoplastics, mechanical properties such as tensile 

strength and the elasticity modulus, etc. decrease with the rise of temperature.  

 

Figure 12. Relationship between the rotation angle and measured depth of the imprinted patterns on the 

POFs using (a) the upper mold with a 10-m-width square dotted pattern, and (b) the lower mold with a 

10-m-diameter circular dotted pattern. The inset illustration shows the contact and release edges of the 

imprinted patterns on the POFs. 
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When the sliding speed slows down, the heat becomes easier to transmit to the PMMA 

core from the molds, since at the slow speed the planar molds remain in contact with a POF 

for a longer period of time. Therefore, the elasticity modulus of the PMMA core gradually 

decreased while the POF was rolling on the planar molds at a slow sliding speed, and the 

PMMA core thermally deformed from a circular to a flattened shape. As a result, it can be 

seen that the contact area between the POF and molds increases, and the contact pressure 

impressed onto the fluoroplastics-clad layer on the surface of the POF decreases. However, a 

decrease in the imprinted depth according to the rise of the sliding speed was not observed. 

From these results, we chose 800 m/s as an optimized sliding speed. 

 

 

Imprinting Results on the POF 
 

Figure 13(a) is a photograph of an imprinted plastic fiber. The discolored sections in the 

figure (white arrows) are the patterned sections as shown in Figure 13(b). Figure 13(c) shows 

an observed optical micrograph of the imprinted patterns using the confocal microscope. It is 

thus confirmed that a fine pattern was completely transferred on the surface of POF. Each 

square dotted pattern of 5 m in width and pitch of 10 m, and circle dotted pattern of 5 m 

in diameter, and pitch of 10 m were selected as a pattern of upper and lower plane molds 

respectively in thermal roller-imprint experiments. Figure 14 shows an optical micrograph of 

square and circle mold patterns, and imprinted patterns after the first and 100th shots. 

Regardless of the kind of pattern or the shot frequency, 5-m-width square and 5-m-

diameter circular dotted patterns with 10 m pitch were successfully transferred. 

 

 

Figure 13. (a) Photograph of 250-m-diameter POF after imprinting, (b) Photograph of POF patterned 

intermittently, (c) Optical micrograph of 5-m dotted pattern on imprinted POF. 
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Figure 14. Cross-sectional schematic image of sliding roller-imprint and optical micrographs of mold 

patterns and imprinted patterns on the surface of POF after the 1st and 100th shots. 

Figure 15 shows measured results of imprinted depths for every ten shots on the POF 

continuously roller-imprinted from the first through the 100th shots, as obtained by the 

confocal microscope.  

The upper mold pattern was a 3.22 m high convex square dotted pattern. On the other 

hand, the lower mold pattern was a 3.28 m high convex circle dotted pattern. When the 

imprinted depths of 11 areas picked from the square dotted patterns on the surface of POF 

were compared among each other, the minimum value was 2.99 m (at the 50th shot), and the 

maximum value was 3.20 m (at the 10th shot). In the case of the circle dotted patterns, the 

minimum depth was 2.83 m (at the 40th shot) and the maximum depth was 3.20 m (at the 

60th shot).  

Considering the heights of convex mold patterns, the molding rate (imprinted depth/mold 

height) amounted to approximately 88–99%. The differences between the minimum values 

and the maximum values of both patterns were found to be 0.21 and 0.37 m, respectively. 

Originally, the irregularity on the surface of the plastic fiber that had existed before 

imprinting was also observed.  

Therefore, these differences show that a considerably uniform and continuous imprinting 

could be executed. The processing time for single roller-imprinting was 14.2 s. This reel-to-

reel process was repeated 100 times by establishing a pitch of 16 mm. The total processing 

time was roughly 24 min. No significant differences were seen among a set of 11 imprinted 

patterns chosen between the first and 100th imprinting operations. 

 

 

 

Complimentary Contributor Copy



Microfabrication on the Surface of Optical Fibers for the Next Generation … 143 

 

Figure 15. Relationship between shot number and imprinted depth on the surface of POF. 

 

Patterning of Diffraction Grating Structures on the POF 
 

As mentioned in the previous paragraphs, the conditions used to deeply imprint the 

precise pattern were a heating temperature of 50 ºC, a press depth of 20 m, and a sliding 

speed of 800 m/s without deforming the cross-sectional shape of the 250-m-diameter POF 

by thermal-imprinting using sliding planar molds. To demonstrate this technology under these 

imprinting conditions, we employed a special electroformed-Ni mold with a mirror image of a 

string of characters forming the word ―MACROBEANS‖ (BEANS means bio-electro-

mechanical-autonomous-nano-systems. It is a Japanese national project on the development 

of regarded as a next generation MEMS that has incorporated into nano- and bio-technologies 

from 2007 to 2013) engraved like a lattice with a vertical pitch of 200 m, where the 

individual characters were composed of diffraction grating structures with linewidths of 1 and 

2 m [Figure 16]. The size of the character ―M‖ was 180×136 m
2
. The height of the 

convex mold pattern was 1.1 m. Figure 16 shows optical micrographs of the characters 

―MACROBEANS‖ composed of the diffraction grating transferred onto the cylindrical 

surface of the POF. The upper picture shows that the character pattern composed of 

diffraction grating structures with a 1 m linewidth was quite bright. The lower picture of the 

figure confirms that only the cylindrical surface was patterned without causing any damage to 

the POF. The cross-sectional circumference of the POF is approximately 785 m. Therefore, 

four character lines of ―MACROBEANS‖ were carved onto the cylindrical surface of the 

POF. We fine-tuned the setting position of the upper and lower molds so that the characters 

imprinted by both molds should not overlap each other. The depth of the concave imprinted 

pattern was measured to be 1.0 m. Figure 17(a) shows that the color of each character string 

changed slightly to cause different reflective properties, depending on the kind of diffraction 

gratings in the Ni mold. Figure 17(b) shows a mirror image of characters ―MA‖ in the Ni 

mold observed by a field-emission scanning-electron microscope (FE-SEM). Figure 17(c) is a 

FE-SEM image that covered up the characters ―BEANS‖ on the imprinted POF fiber after 
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sputter-deposition of a 10-nm-thick Pt layer. Figure 17(d) shows another FE-SEM image of 

the characters ―MA‖ on the imprinted POF. The pattern of the diffraction grating can be 

clearly recognized as characters in this image. To further investigate the transfer condition of 

an individual diffraction grating with linewidths of 1 and 2 m, close examinations of 

expanded FE-SEM images were carried out.  

 

 

Figure 16. Optical micrographs of the character patterns with diffraction grating structures transferred 

from the planar electroformed-Ni molds to the cylindrical surface of the POF. 

 

Figure 17. (a) Optical micrograph of the character patterns in the planar electroformed-Ni mold. (b) FE-

SEM image of diffraction grating structures in the characters ―AM‖ in the mold, observed at an inclined 

angle of 45º. (c) FE-SEM images of the character patterns on the POF after 10-nm-thick Pt was sputter-

deposited. (d) FE-SEM image of the diffraction grating structures in the characters ―MA‖ on the POF, 

observed at an inclined angle of 0º. 
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Figure 18. (a) and (b) Expanded FE-SEM images of diffraction grating structures in the character ―M‖ 

with linewidths of 1 and 2 m in the mold, respectively, observed at an inclined angle of 45º. (c) and 

(d) Expanded FE-SEM images of the diffraction grating structures in the character ―M‖ with linewidths 

of 1 and 2 m, on the POF after 10-nm-thich Pt was sputter-deposited, respectively, observed at an 

inclined angle of 45º. 

The characters in Figure 18(a) were composed of the diffraction grating pattern with the 

linewidth of 1 m and the pitch of 2 m on the Ni mold. On the contrary, the linewidth and 

the pitch of the diffraction grating were 2 m and 4 m, respectively [Figure 18(b)]. Figures 

18(c) and 18(d) show the results of observing the cylindrical surface of the POF to correspond 

to the mold patterns of the planar electroformed-Ni molds shown in Figures 18(a) and 18(b). 

It was confirmed that the diffraction grating pattern with linewidths of 1 and 2 m was clearly 

transferred from the flat surface of the Ni molds to the cylindrical surface of the POFs. As 

previously mentioned, we succeeded in soft patterning on the surface of POFs with a diameter 

of 250 m without crushing the fiber. 

 

 

BULK DEFORMATION TO FABRICATE WEAVING GUIDES 
 

Motivation 
 

A fibrous substrate used in a traditional weaving process does not support a structure for 

securing the relative positions of its warps and wefts. And hence any shift in their contact 

positions, caused by any applied forces of tension, or by any insertions to the warp and weft 

in the central part of a fabric can be different from that of its surrounding region [Figure 

19(a)]. 
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Figure 19. Illustrations of the weaving process and woven fibrous substrates: (a) without weaving 

guides, and (b) with weaving guides. Lower figures show cross-sectional images taken along a dotted 

line in the upper figures. 

We then engineered weaving guides on the top and bottom surfaces of a fibrous substrate 

to secure the relative positions of the warps and wefts [Figure 19(b)]. A thermal imprint 

technology was employed for a continuous processing of the weaving guide structures on the 

surface of a fibrous substrate. We have previously reported on our success in the processing 

of weaving guides by hot-pressing of the surface of a nylon fiber using a planar mold with 

convex patterns (Mekaru et al. 2010; Mekaru and Takahashi 2010). However, that technique 

could not continuously process long fibers because of the patching requirement involved in 

the process without a feeding system. A case was reported where diffraction grating patterns 

were processed onto the surface of a polyester fiber by a roll-to-roll imprint using cylinders 
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that were wrapped with electroplated-Ni molds (Schift 2006). In this work, a similar 

technique using seamless cylindrical molds was employed to form a weaving guide for e-

textiles. 

 

 

Reel-to-Reel Imprint System using Cylindrical Molds 
 

Figure 20 shows a special system developed to process the weaving guides on the fibrous 

substrate that combines a reel-to-reel feeder with a roller-imprint device.  

 

 

Figure 20. (a) Diagrammatic illustration of a reel-to-reel imprint system. Photographs of: (b) roller-

imprint device with the cylindrical molds, and (c) imprinted POF before winding. 

Here, the fibrous substrate is sent off from a sending reel station, and then is winded up 

on a receiving reel station after being pressed between the two cylindrical molds rotating in 

synchronization with the sending speed. The maximum sending speed was designed to be 30 

m/min. To prevent any breakage of the fibrous substrate during its movement, the substrate 

was run through a tension controller comprising two fixed pulleys, and a vertically moveable 

pulley. The cylindrical molds were designed to reach a temperature up to 250 ºC by infrared 

lamps installed inside the cylinders‘ center cores. The molds were made by precision cutting 

on a several-hundred-m-thick Ni–P alloy layer electroless-plated on a cylindrical base 

material (100 mm in diameter, and 30 mm in width). The mold pattern on the cylindrical 
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surface comprised convex rectangle shaped structures 260 m wide and 46 m high, and 145 

m radius convex arc shaped structures with a pitch of 1 mm. 

 

 

Figure 21. Schematic cross-section of weaving guides is formed on the surface of POF. 

Figure 21 shows the design of the weaving guides of 250-m-diameter fibrous substrate 

imprinted using this cylindrical mold. In the weaving scheme, when one set of imprinted 

fibers are used as warps and another set with the same diameter are used as wefts, then a weft 

fiber falling in a rectangle-shaped weaving guide with vertical sidewalls is rigidly fixed, and a 

weft fiber in the arc-shaped weaving guide with curved sidewalls can be moved 

comparatively freely. The rectangle-shaped weaving guide is used as a fixed contact point 

which maintains the lattice structure of e-textiles, and the arc-shaped weaving guide is 

operated as a moving contact point which supports the flexibility of e-textiles (Mekaru and 

Takahashi 2010). The upper cylindrical mold could be moved up and down by using a 

servomotor; and the stage holding the upper cylindrical mold was connected to a load cell. To 

minimize the influence of any eccentric movement caused by possible errors in assembling 

the cylindrical molds, an automatic press-force correction mechanism was added to the press 

device. The vertical position of the upper cylindrical mold was dynamically adjusted 

according to the difference between the measured press-force, and a pre-set value. Figure 22 

shows the measured press-force and vertical position of the upper mold at a sending speed of 

the fibrous substrate as 1 m/min. In the uncorrected case, the measured press-force fluctuated 

periodically within a range of 33 N or less; and this phenomenon was synchronous to the 

rotation operation of the cylindrical molds. However, when the correction mechanism was 

used, the changes in the press-force could be controlled to within 3 N by adjusting the vertical 

position of the upper cylindrical mold within a range of ±37 m from its center position. This 

result concludes that by using the correction mechanism the fluctuation range of the press-

force could be decreased to one-eleventh of that found in the case of without controlling. By 

this function, a press operation under a constant press-force became possible. 
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Figure 22. Relationship between process time and press-force measured by load cell/vertical position of 

the cylindrical mold: (a) without, and (b) with the correcting of press-force. 

 

Processing of Weaving Guides on the POF 
 

In the next step, to validate the functioning of our reel-to-reel imprint system, a weaving 

guide structure was processed on the surface of the POF CK-10. Figure 23(a) and 23(b) show 

the photographs of the imprinted POFs at the sending speed (s) of 1 and 5 m/min, 

respectively. The imprinted patterns were checked on the surface of the POFs, and the white 

dotted-line frame in these photographs of Figure 23(a) and 23(b) were observed in detail. 

Figure 23(c)–(f) show the top views and side views, respectively, of the imprinted weaving 

guides where the imprint temperature, and the press-force were 50 ºC and 20 N. In terms of 

the sending speeds, the Figure 23(c) and 23(e) show the results of imprinting at a sending 

speed (s) of 1 m/min. And Figure 23(d) and 23(f) show the results of imprinting at an 

increased speed (s) of 5 m/min. It was confirmed that both, rectangle shaped and arc shaped 

weaving guides were clearly transferred on the surface of the POFs. Figure 24 shows the 

result of measuring the depths of the imprinted pattern using the confocal microscope. When 

comparing the imprinted depths under the two sending speeds, it appeared that the slower 

speed resulted in the formation of deeper weaving guides. Because the diameter of the 

cylindrical mold was 100 mm, the POF of a length of approximately 314 mm was sent during 

the time the cylindrical mold completed one full rotation. Measurement and investigation of 

each imprinted depth at 12-divided points on the 314-mm-length POF showed that the 

weaving guides on the POF in form of depths appeared at every 30º rotation of the cylindrical 

mold. 

When the sending speed was 1 m/min, the maximum depths in case of rectangle shaped 

and arc shaped weaving guides were found to be 9.87 and 10.00 m, respectively; and the 

minimum depths in case of the rectangle shaped and arc shaped weaving guides were 9.29 

and 9.01 m, respectively. The mean values were calculated to be 9.56 and 9.64 m. And the 

values of the standard deviations (s) in the two cases were calculated to be 0.19 and 0.26 m. 

When the sending speed was raised to 5 m/min, then 1.79 m in the maximum depth and 1.51 

m in minimum depth were measured in the rectangle shaped weaving guides. The mean 

value and standard deviation were calculated to be 1.61 and 0.07 m. On the other hand, in 

the arc shaped weaving guides the maximum and minimum depths were measured to be 2.19 
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and 2.00 m, respectively. The mean value and standard deviation in this case were 

calculated to be 2.07 and 0.07 m. 

 

 

Figure 23. Photographs of imprinted POFs at the sending speed of: (a) 1 m/min and (b) 5 m/min. 

Optical micrographs of the imprinted patterns of the white dotted-line frames in Figs (a) and (b) on the 

surface of POFs at a sending speed of; (c and e) 1 and (d and f) 5 m/min. 

With the standard deviations of 26.7–36.7% as compared to the case of 1 m/min of the 

sending speed, the imprinted depths in case of 5 m/min were remarkably decreased. The 

explanation of this behavior is that at high sending speed, the press operation reaches its 

completion before enough heat is transmitted from the heated cylindrical mold to the POF at 

the room-temperature, and that the de-molding is executed after an insufficient thermal 

deformation. An error range of 2.9 m inevitably occurred because the diameter of POF was 

measured to be in the range of 247.5–250.4 m. This value happens to be much larger than 

that of the imprinted depth. Therefore, the observation that the differences between the 

imprinted depths on POFs with varying diameters were very small, confirms the excellence of 

the transfer accuracy. Thus, using our reel-to-reel imprint system, it was confirmed that the 

surface of a fibrous substrate could be processed with a high degree of uniformity. To achieve 
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a faster imprinting, the speed-up of the response speed of the control sequence will be 

addressed in the next step. 

 

 
This subchapter was reprinted with permission from Microelectronic Engineering 98, 171-175 (2012). 

Figure 24. Relationship between the rotation angle and imprinted depth on the surface of POF. Here, 

‗‗s‘‘ in the figure stands for the sending speed of POF. 

 

REEL-TO-REEL IMPRINTING OF MALUTI-LAYERED 

MICROSTRUCTURES ON PLASTIC OPTICAL FIBER 
 

Motivation 
 

Among the various nanoimprint technologies, the roller imprint technology (Tan et al. 

1998) using a cylindrical mold is a suitable way to continuously fabricate micro-/nano-

structures on the surface of films and fibrous substrates without putting any limits on the 

length of the substrate (Wiley et al. 2010). Especially when a molding material happens to be 

a large-size film, a roll-to-roll nanoimprinting (Ahn and Guo 2008) where a pattern is 
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continuously being transferred by a cylindrical mold onto a film that is conveyed from a 

sending roll to a winding roll, is seen as an ultimate mass-production method of micro-

/nanostructures. Since UV roll-to-roll nanoimprinting (without causing any thermal expansion 

or contraction) can transfer micro-/nanostructures with high accuracy (Watts 2008), the 

process has been used to fabricate optical devices for displays (Ahn et al. 2006) and anti-

reflective films (Ting et al. 2008), as well as has been used in flexible electronics (Maury et al. 

2011). On the other hand, thermal roll-to-roll nanoimprinting has contributed to the 

development of chemical /bio-chips like microfluidics (Yeo et al. 2009) and lab-on-a-chips 

(Vig et al. 2011) with comparatively large-size patterns because it offers a wide-range of 

molding materials to select from. In our technique, various patterns are transferred on a 

fibrous substrate by a reel-to-reel thermal imprint method. In above-mentioned works, by 

taking special precaution that a fibrous substrate be not damaged, we processed MEMS 

structures by roller imprinting with sliding planar molds (Mekaru et al. 2011a; 2011b; 

Ohtomo et al. 2011). On the other hand, weaving guides had been processed where the 

convex mold patterns of several 100-m width were pushed into the surface of the fibrous 

substrates, where the fibrous substrates were partially damaged (Mekaru and Takahashi 2010; 

Mekaru et al. 2012; Ohtomo et al. 2012). However, if such structures were fabricated by some 

other imprint methods, the result would have been of low throughput and imprint 

technologies could not have met the criteria for high-volume manufacturing. Therefore, in 

this experiment, MEMS structures and weaving guides are processed on the surface of a 

cylindrical mold, and we tried to imprint both patterns simultaneously by a single shot of 

roller-imprinting on a fibrous substrate. 

 

 

Cylindrical Mold with Hybrid-Layered Microstructures 
 

Figure 25 shows an example of a smart fiber that we designed. A weaving guide and a 

deep hollow which patterns MEMS structures are arranged in 1 mm of pitches on a 250-m-

diameter POF. A circular cross-sectional shaped hollow with a curvature radius of 290 m 

was formed on the POF so that another POF with the same diameter could be inserted into the 

hollow as warps. Moreover, in order to insert the conducting material into the cavity of a 

concave imprinted pattern, obtained by ink-jet printing, a flat surface rather than a cylindrical 

surface would be the right shape for holding the dropped material. Therefore, a rectangular 

cross-sectional-shaped groove with a width of 260 m was fabricated on the POF, and a 

several 10-m-wide MEMS patterns were transferred on the flat bottom surface of the 

rectangular groove of the POF. In order to process such structures on POFs by a single shot of 

the roller thermal imprinting, we developed a seamless cylindrical mold 100 mm in diameter 

and 30 mm in width as shown in Figure 26(a). The polished surface of the cylinder was 

covered with electroless-plated Ni-P, and convex structures with rectangular cross-sections 

and arc shaped convex structures were cut with a forming tool. Next, the surface of the 

cylinder was coated with a positive-tone photoresist by a dipping process. UV lights were 

then irradiated on the photoresist through a micro-patterned flexible photomask wrapped 

around the cylinder. In this way, the micro-patterns from the mask were transferred onto the 

cylinder surface. Next, following a Cu electroplating, hybrid-layered patterns comprising 

260-m-wide macro and several 10-m-wide microstructures were made; and the photoresist 
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was then removed. T. Huang, et al. had also reported on a fabrication method of a cylindrical 

mold using a plane photomask (Huang et al. 2009). If there were no uneven structure on the 

cylindrical surface, a standard 3-D UV lithography using a plane photomask could be used. 

However, like in our case, where an uneven structure with a width of several 100 m and a 

depth of 50 m does exist on the cylindrical surface, a flexible photomask which can conform 

to the cylindrical surface is considered apt for the task. In the manufacture process of the 

cylindrical mold used here, the tasks of electroplating followed by a 3-D photolithography 

using a flexible photomask were carried out by Optnics precision Co., Ltd., which is a 

manufacturer of X-ray masks with polyimide membrane. Figure 26(b) shows an optical 

micrograph of line/space and dotted patterns on a rectangular convex structure and weaving 

guides arranged alternately on the cylindrical surface. Figure 26(c) shows another optical 

micrograph to which the edge of the mold pattern area was expanded, and where the 

rectangular and cylindrical cross-sectional-shaped convex structures can be clearly observed. 

 

 

Figure 25. Illustration of MEMS structures and weaving guides on the surface of a smart fiber. 

 

Re-Modelling of Reel-to-Reel Imprint System 
 

Previously, using a cylindrical mold with weaving guides, we had developed a reel-to-

reel imprint system, and succeeded in a continuous imprinting at a speed of 5 m/min (Mekaru 

et al. 2012; Ohtomo et al. 2012). Our new target of thermal imprinting on POF at an imprint 

speed of 20 m/min was twice the maximum speed of the commercial roll-to-roll systems to do 

the job. In order to realize this improvement in the imprint speed, a load cell unit, which was 

set above the upper cylindrical mold, was then moved down to its new position under the 

lower cylindrical mold, which then raised the mechanical rigidity of a press device as shown 

in Figure 27. A guide way was fixed on beside the load cell to reduce any horizontal blur; and 

then vibration of the transverse direction in regard to the sending direction of a fibrous 

substrate was restrained. Moreover, a feedback system, that controlled the fluctuation of the 

distance between the upper and lower cylindrical molds by a load measurement, was changed 

into a feed-forward control device to imprint at a high speed, while referring to the load 

change data measured at a low rotation speed. Furthermore, the information was read into the 

database; and a program that predicted the vertical position of the upper cylindrical mold was 

also developed, while considering the delay time taken to actually move the position of the 

cylindrical mold by a pulse motor drive. After re-modelling, the standard deviation of the 
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press force was reduced from 5.86 to 2.80 N. In addition, improvement in the imprint speed 

of the reel-to-reel imprint system by a feed-forward controlling has been explained in the 

reference (Ohtomo et al. 2012) in detail. 

 

 

Figure 26. (a) Photograph of a cylindrical mold with convex hybrid-layered microstructures and optical 

micrographs of mold patterns at: (b) center and (c) edge of the surface of the cylindrical mold. 

 

High-speed Imprinting on the POF 
 

An imprinting result on the 250-m-diameter POF CK-10 are shown in Figure 28 under 

conditions of imprint temperature, press force, and sending speed being 50 ºC, 30 and 20 

m/min. Based on the experimental data in the previous work (Mekaru et al. 2013a), 

conditions that could be used for deep imprinting without crushing the POFs, were selected. 

On the surface of the fiber, the method successfully fabricated microstructures comprising 

concave rectangle of a maximum depth of 6.7 m, and an arc structure of a maximum depth 

of 5.0 m, as shown in Figure 28. Furthermore, line/space patterns were transferred onto the 

bottom surface of the concave rectangle grooves (refer to the white arrow in Figure 26(b)). In 

order to evaluate the patterns transfer accuracy on POFs from the cylindrical mold, a square 

dot with its designed width 20 m was observed. 

Figures 29(a) and 29(b) also show the relative setups of the mold and the POF in the 

imprint step and an optical micrograph of concave-dotted mold patterns, respectively. Figures 

29(c) and 29(d) also show an illustration of the imprint position of the POF on the mold 

pattern surface and an optical micrograph of a convex dotted pattern, respectively. The 

thickness of Cu top layer varied around 2-3 m depending upon the position of observation as 

Complimentary Contributor Copy



Microfabrication on the Surface of Optical Fibers for the Next Generation … 155 

measured by a high-precision non-contact depth measuring microscope Hisomet-II DH II 

(Union Optical). 

 

 

Figure 27. Photographs of press device included upper and lower cylindrical molds in a reel-to-reel 

imprint system: (a) before, and (b) after re-modelling. 

 

 

Figure 28. Optical micrograph of imprinted POF, and expanded optical micrograph of weaving guides 

and hybrid-layered microstructures on the surface of the POF. 

From the enlarged optical micrographs inserted at the upper-right corner of Figures 29(b) 

and 29(d), the average width of the concave and convex square-dotted patterns on the mold 

was found to be 13.0 and 25.3 m, respectively. These values are estimated to be -35% and 

+26.5% as compared to the ideal width of 20 m which was a designed value in the 

photomask. And it was observed that as the widths became large, the error became small. 

This behavior can result in the shrinkage of the photoresist structures in a 3-D 
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photolithography process, and in the expansion of the Cu structures in an electroplating 

process. 

 

 

Figure 29. (a) Illustration of relative positions between concave-square-dot mold patterns and POF in 

the imprint process, and (b) optical micrograph of concave-dots patterns on the cylindrical mold. 

Enlarged optical photograph inserted in the upper- right corner shows concave square dots with a 

designed pattern width of 20 m. (c) Illustration of relative position between the convex-square-dot 

mold patterns and POF in the imprint process, and (d) optical micrograph of convex-dots patterns on 

the cylindrical mold. Enlarged optical photograph inserted in upper- right corner shows convex square 

dots with a designed pattern width of 20 m. 

Figure 30 shows a cross-sectional profile of the square-dotted imprinted pattern measured 

by the confocal microscope. Here, after considering the disparity between the size of a mold 

pattern and its actual design value, we now address the difference between the size of an 

imprinted pattern and that of the mold pattern. The bottom surface of POFs where dotted 

patterns were transferred was not deformed into a perfect flat surface. In convex square dotted 

patterns of Figure 30(a), the average height of the pattern was 547 nm. Moreover, the average 

pattern width was 14.2 m and the error in reference to the concave mold pattern width was 

+9%. Next, in concave square-dotted patterns of Figure 30(b), the average value of the pattern 

depth and width was 662 nm and 28.4 m, respectively. The imprinted pattern width became 

larger than 12% as compared with the convex mold pattern, and the error in reference to the 

pattern width became large in comparison to that of the concave mold pattern. In general, 

when we compare the vertical movement of a convex mold pattern on a plane surface of mold 

with a convex mold pattern on a convex surface of a rotating cylindrical mold, we can find 

that during the imprinting and de-molding process the later setup may cause some scooping 

out of material (Wu et al. 2009). Therefore, the patterns which are transferred from the 

cylindrical mold to a molding material result in the imprinting of relatively large widths. 
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Moreover, the width and depth of the rectangular groove were measured to be 267.5 and 6.78 

m in Figure 30(a), and 271.1 and 4.58 m in Figure 30(b), respectively. Since the design 

value of rectangle width was 260 m, the error of the rectangular groove width estimates as 

2.9 and 4.3%, respectively. In the reference (Yeo et al. 2009), when a PMMA film was 

processed by a roll-to-roll embossing using a cylindrical mold at a feeding speed of 0.6-0.8 

m/min, it can be estimated that an error in the imprinted pattern width was nearly 15% 

compared to that of the bottom width of a mold pattern. The transfer accuracy of the reel-to-

reel imprinting on POFs does not show great difference as compared with the result of 

embossing on the PMMA film. From these results, although the manufacture process of a 

seamless cylindrical mold needs to be improved, its practicality was checked, and it was 

proven that a high-speed of imprinting at 20 m/min was possible without causing any damage 

to the POFs. 

 

 
This subchapter was reprinted with permission from Microelectronic Engineering, (2012), in press. 

Figure 30. (a) 3-D image of convex square-dot patterns imprinted on the surface of POF and cross-

sectional profile along a line A-A‘ of convex square patterns. (b) 3-D image of concave square-dot 

patterns imprinted on the surface of POF, and cross-sectional profile along a line B-B‘ of concave 

square patterns. 

 

THERMAL IMPRINTING ON QUARTZ OPTICAL FIBER 
 

Motivation 
 

For the current work, depending on the type of device under consideration, plastic or 

glass fiber is selected as the base material. The glass transition temperature of PMMA and 
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polycarbonate (PC) used as core material for optical fibers are typically 105 and 145 °C 

(Gauthier 1995). Patterning on the surfaces of plastic fibers to make MEMS devices is not 

feasible where high temperature annealing is required. On the other hand, a glass fiber is 

stable at high temperatures. Therefore, we are pursuing a technology for processing MEMS 

on the surface of quartz fibers. In general, the glass transition temperature of quartz is found 

to be 1175 °C (Mazurin et al. 1993), and therefore, for thermal nanoimprinting on quartz 

plates the temperature of mold has to be heated up to 1300 °C or higher (Takahashi and 

Maeda 2006). We have developed a high speed thermal nanoimprint system that can be 

heated up to 1400 °C (Takahashi et al. 2006a), and used it to replicate micro-parts of quartz. 

In the devices made here, many ceramic and molybdenum components were used as 

refractory materials. Glasslike carbon (GC), one of the stable materials to stand high 

temperatures, was used as a mold material for imprinting on quartz. Mold patterns were 

processed on GC substrates by focused-ion-beam (FIB) etching (Takahashi et al. 2006b). 

Using this nanoimprint system, line/space patterns with the linewidth of 500 nm and the line 

depth of 100 nm on a quartz plate were imprinted and reported (Takahashi et al. 2005). We 

demonstrated pattern transfer on the surface of a quartz fiber by using a thermal imprinting 

technology where deep patterns could be processed without much difficulty. In the previous 

experiment that reported on imprinted quartz plates, a GC mold patterned by FIB etching was 

used. However, the FIB etching process takes very long time even though the process does 

produce precise patterns with arbitrary shapes. The mold used in our experiment was 

fabricated using MEMS technology that can also form arbitrary patterns on GC substrate, but 

it does so in a considerably short time. 

 

 

Fabrication of Glass-Like Carbon Mold 
 

A GC mold was fabricated by employing MEMS technologies as shown in Figure 31. 

Using a conventional process, MEMS structures were fabricated by using a Si wafer. The 

thickness of a typical 4 in. Si wafer is 400±1 m, with average surface roughness of 1 nm or 

less. However, the surface of a GC substrate was rough and the thickness was 2 mm±40 m 

because GC substrates were made by sintering. When a wafer exhibits a curvature, and its 

surface happens to be rough, it then becomes difficult to fabricate uniform MEMS structures 

on it. Hence, both sides of the GC substrate were polished by chemical-mechanical polishing 

(CMP), where the final substrate thickness amounted to 2 mm±0.5 m, with average surface 

roughness of 5 nm. These values matched the specifications of the sample holder of the 

ultraviolet (UV) stepper used in the patterning process. Figure 32(1) shows a GC wafer that 

cut an orientation flat after polishing on its both sides. At first, a 900-nm-thick Au film was 

sputter deposited on the GC wafer to serve as a masking layer. Prior to this, a 10 nm thick Ti 

layer was sputter deposited as an interlayer to increase the adhesive force between the Au 

layer and the GC wafer. Next, a positive-negative inversion photoresist AZ 5200NJ (AZ 

Photoresist Products) in the thickness of 4 m was spin coated and then heated up to 110 °C 

for 90 s using a hot plate. After letting it cool down to the room temperature, UV lights with 

200 mJ exposure energy were irradiated on the resist using a UV stepper 1500 MVS R-PC 

system (Ultratech). In order to reverse the pattern transferred from a reticle, the substrate was 

heated up to 125 °C for 125 s. In the develop process, a 25% AZ 400K developer (AZ 
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Photoresist Products) was used. After developing for 2 min, the Au coated GC substrate was 

washed with distilled water for 1 min, and then spin dried [Figure 32(2)]. After that, the Au 

layer was etched for 13 min using a reactive-ion-etching (RIE) system Multiplex ASE 

(Surface Technology Systems) with an Ar gas [Figure 32(3)]. Next, 12 square shaped chips in 

the size of 20 mm were cut out from the 4 in. GC wafer by dicing [Figure 32(4)]. After 

patterning, the Au layer was used as a masking layer, and the GC substrate was etched using a 

mixture of O2 and SF6 gases in another RIE system model RIE-10NRS (Samco). By 

controlling the etching time to 20, 40, 50, and 100 min, the depths of mold patterns were 

obtained as 2.4, 3.5, 7.0, and 13.5 m. The remaining Au layer was then chemically removed 

using an AURUM-301 etchant (Kanto Chemical) [Figure 32(5)]. The GC plate was soaked 

for several minutes in a 20% buffered hydrofluoric acid (Stella Chemifa), and then the Ti 

interlayer was removed. After washing with acetone, isopropyl alcohol, and distilled water, a 

GC mold was thus completed [Figure 32(6)]. SEM images of the mold pattern are shown in 

Figure 33. Figure 33(a) shows a line/space pattern 14.7 m in depth. The minimum linewidth 

was 5 m, the maximum linewidth was 100 m, and the line/space widths ratio was 1:1. 

Figure 33(b) shows a square dotted pattern in the sizes of 5 and 10 m. In general, the width 

and depth of patterns that are suitable for electrical circuits in MEMS devices are assumed to 

be 5–50 and 5–10 m, respectively. These figures result in a range of aspect ratios from 0.5 

and 10. Moreover, the beam widths of cantilevers and comb actuators happen to be in the 

range of 50–100 m. GC molds fabricated for our experiment do take these sizes into 

consideration. The edges of the patterns were well defined and pattern transfer was very 

successful. 

 

 

Figure 31. Process flow to fabricate a GC mold by MEMS fabrication technologies. Mold patterns were 

fabricated on the GC substrate by using the conventional processes such as sputtering, spin coating, 

photolithography, and RIE. 
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Figure 32. Photographs of the intermediate stages in the fabrication of GC mold: (1) GC wafer, (2) after 

photolithography, (3) after Au RIE, (4) after dicing, (5) after Au removal, and (6) completed GC molds. 

 

 

Figure 33. SEM images tilted at 45° of the surface on a GC mold with: (a) line/space with linewidths of 

5–20 m and (b) convex dotted patterns with 5 and 10 m size squares. The depth of all patterns in the 

figure is 14.7 m. 

 

Experimental Procedure 
 

We used a quartz fiber with 200 m size square shaped cross section. The surface of the 

fiber was coated with a 10 nm thick protective layer of UV cured resist. In a previous 

experiment, the protection film remained strongly adhered to the surface of the quartz fiber 
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when we attempted to remove it by ultrasonic cleaning with acetone. The UV cured resist was 

finally removed by H2SO4 etching as described here. The quartz fiber coated with the UV 

cured resist was cut into 40 mm long pellets with a nipper, and the pellets were then fixed into 

a Teflon sample holder. The Teflon sample holder with the pellets was then soaked for 10 

min into a mixture of 18% H2SO4 and 30% H2O2 heated up to 100 °C. The UV cured resist 

coated on the quartz fiber was thus completely removed by this method. The pellets were then 

soaked in distilled water then dried by spraying N2 gas. A thermal nanoimprint system 

ASHE0201 (Takahashi et al. 2006a) was used for imprinting on the quartz fiber. The 

maximum heating temperature of this system is prescribed to be 1400 °C, and the ramp time 

to reach this temperature is 15 min. An upper loading stage is removable by a servo motor, 

and the permissible loading force is 9.8 kN. The upper and bottom loading stages were stored 

inside a bellows-type chamber where a pressure in the vacuum chamber could be 

decompressed down to 0.07 Pa with a turbo molecular pump. 

 

 

Figure 34. Photograph of experimental setup in ASHE0201 nanoimprint system after the quartz fibers 

were arranged on the GC mold. The size of the GC mold was 20×20×2 mm
3
. 

Figure 34 shows a photograph of the setup ready for imprinting on the quartz fiber with a 

GC mold. The bottom loading stage made of ceramic was processed into the shape of a 

discoid with a diameter of 60 mm. A 30 mm size square GC plate (3 mm thick) was placed on 

the center of the bottom loading stage and held secured by four smaller CG plates placed at 

the four sides of the center CG plate to make it immovable during the decompression process. 

A 20-mm-size square GC mold was set facing up on the center GC plate. Two quartz fibers 

were put on the GC mold crossing line/space patterns. Another 30 mm size square GC plate 

in the thickness of 3 mm was put on top of quartz fibers. Because the mold and fibers were 

small in this experiment, it was not possible to fix separately on the upper and bottom loading 

stages. Moreover, the loading stages were made of ceramic material, which happens to exhibit 

a certain degree of roughness on its surface. When the upper loading stage is pressed against 

the surface of the quartz fiber, small ruggedness on the surface of the ceramic stage is 

transferred onto the surface of the quartz fiber. This ruggedness can result in an increase in 

the release force during the de-molding process. Therefore, the GC plate with a smooth 

surface was inserted between the quartz fiber and the upper loading stage. The upper loading 

Ceramic stage GC plates 

GC mold 

Quartz fibers 

GC plates 

2 mm 
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stage was approached until it reached a distance of 1 mm (or less) from the back side of the 

uppermost GC plate. After that, the bellows-type chamber was closed and decompressed, and 

the upper and bottom loading stages were heated up to 1350 °C. Experiments on thermal 

imprint were executed in a vacuum, and the GC mold was pressed on the quartz fibers for 2 

min using a press force of 300 N. Finally, the GC mold and quartz fibers were let to cool 

down to the room temperature for about an hour. 

 

 

Imprinting Results on the QOF 
 

Figure 35 shows the results of the imprinted patterns on the surface of the quartz fiber as 

seen through an optical microscope. Figure 35(a) shows the result of the imprinted pattern on 

the quartz fiber that was coated with the UV cured resist. Figure 35(b) shows the result of 

imprinted pattern on the quartz fiber from which the UV cured resist was removed by 

H2O2+H2SO4 etching. When the pattern was imprinted on the protective film of the UV cured 

resist, cracks were observed in the resist layer, although the patterns still got transferred on 

the quartz. Because of these crack formations, the imprinted quartz fibers could not be used 

for subsequent processing. 

 

 

Figure 35. Optical micrograph of line/space patterns imprinted on the surface of a quartz fiber: (a) a 

quartz fiber was coated by UV cured resin and (b) a quartz fiber without any coating. When the pattern 

was imprinted on the protective film of the UV-cured resist, cracks were observed in the resist layer 

coated on the quartz fiber. Molding conditions where the heating temperature, press force, and press 

time were 1350 °C, 300 N, and 2 min, respectively. 
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Figure 36. Optical micrograph of imprinted surfaces on a quartz fiber with (a) square dotted patterns, 

(b) circle dotted patterns, and (c) antenna patterns for demonstration. The 14.7 m deep GC mold was 

pressed against a quartz fiber without any coating, under conditions where the heating temperature, 

press force, and press time were 1350 °C, 300 N, and 2 min, respectively. 

On the other hand, when the clean pure quartz was imprinted, then the line/space patterns 

on the GC mold transferred very well. In the GC mold, besides line/space and square dotted 

patterns, there were circle dotted patterns and MEMS structures, which also transferred well. 

Results of imprinting on the quartz fiber using a 14.7 m deep GC mold are shown in Figure 

36. Figure 36(a) shows an optical micrograph of imprinted square-dotted pattern with the 

sizes of 5 and 10 m appearing on the left and right sides of the picture. Figure 36(b) shows 

an optical micrograph of imprinted circle-dotted pattern with the diameters of 5 and 10 m 

appearing on the left and right sides of the picture. In all these pictures, some black spots 

were also observed. It is suspected that during the imprinting process some impurities in the 

mold might have gotten transplanted onto the quartz fibers. Figure 36(c) is another example 

where an antenna pattern with the linewidth of 20 m in MEMS structures was transferred for 
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the purpose of demonstration. All mold patterns were transferred undistorted, and no defect in 

imprinting was noticeable. 

 

 

Figure 37. Relationship between the linewidth of mold patterns and the height of imprinted patterns on 

quartz fibers. ―d‖ means the depth of mold patterns in the figure. The height was measured by a 3D 

optical profiler. 

Figure 37 shows the heights of the imprinted line/space patterns on the quartz fiber as 

functions of the linewidths of the GC mold pattern. The study involved four different kinds of 

GC molds, with pattern depths (d) of 2.4, 3.5, 7.0, and 14.7 m. The imprint conditions were 

same in all cases, and the measurements were made with 3-D optical profiler NEWVIEW 

5000 (Zygo). The widths of the line patterns on the CG mold were 5, 10, 20, 50, and 100 m. 

Because the width of the quartz fiber (on which the lines were imprinted) was 200 m, a 

convex area of line/space patterns on CG mold making physical contact with quartz fiber was 

calculated and found to be 0.185 mm
2
. Therefore, a pressure of 1.62×10

9
 Pa was estimated 

on the melted quartz fiber when it was imprinted with a press force of 300 N. Therefore, the 

height of imprinted patterns on quartz fiber against the linewidths on the CG mold increased 

in proportion to the linewidth on the CG mold. When the depth (d) of the mold pattern was 

14.7 m, the relationship between the imprinted pattern on the quartz fiber and linewidth of 

the mold pattern was found to be linear until the linewidth of the molted pattern reached 20 

m in size. After this, the imprinted height began to saturate as its value approached the depth 

of the mold patterns [Figure 37]. When GC molds with comparatively low depth values (d = 

2.4 and 3.5 m) were used, the imprinted height on quartz fiber did not increase with mold 

pattern linewidths it was the case even where the pattern widths were small. When the GC 

mold with the pattern depth equal to 7.0 m was used, the range where the increase in 

imprinted pattern height was proportional to the increase in mold‘s linewidth was still very 
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limited. We believe this reason is that the shape of the molding material was not plate but 

fiber influences although we cannot be certain about this contention. As for the utilization of 

loading force during imprinting, all power was not channeled toward the imprinting of 

patterns. 

 

 

Figure 38. Relationship between the depth of mold patterns and the width of imprinted quartz fibers. 

The insertion figure shows the location marked as ―Width of imprinted fiber.‖ A quartz fiber was 

crushed by a press force during an imprint process that resulted in extending the width of the quartz 

fiber. 

The quartz fiber was flattened by the press force where its cross section changed its shape 

from square to a rectangle with rounded corners as shown in the inserted illustration of Figure 

38. The width of quartz fiber was measured using an optical microscope. Figure 38 shows 

that the width of imprinted quartz fiber increased to 270 m or above. Thus, a part of press 

force applied to quartz fiber was used up in deforming the quartz fiber, and the imprinted 

height on quartz fiber seemed smaller than when the imprinting is done on quartz plates. 

Figure 39 shows a relationship between the aspect ratio of mold patterns and the filling rate. 

Here an aspect ratio is defined as the ratio of depth to linewidth in the mold pattern, and 

filling rate is defined by dividing the height of the imprinted pattern by the depth of the mold 

pattern. It becomes difficult for softened quartz to enter a cavity of mold patterns when the 

aspect ratio is high, and in that case complete filling becomes difficult. A dotted curve in 

Figure 39 shows a trend of the relationship between the filling rate and aspect ratio of the 

mold pattern. The filling rate is found to be inversely proportional to the aspect ratio of mold 

patterns. If the aspect ratio happens to be same then the filling rate becomes near, even if the 

depths of mold patterns were different. The filling rate changed within a range of 0 to 1, 

where ―1‖ stands for complete filling. The reason why some filling rates seemed larger than 1 

can be attributed to the depressurization during the cooling process. In this process, carbon 

heaters installed on the upper and bottom loading stages were turned off before the start of the 

cooling process. Because the GC mold and quartz fibers were cooled down under a vacuum, 
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their temperatures approached the room temperature by a very slow process of thermal 

transmission through the upper and bottom loading stages. In this experiment, the press force 

during the cooling process was not altered, while the position of the upper loading stage 

remained fixed. Therefore, the GC mold and quartz fibers shrank during the cooling process, 

and the press force was decreased gradually. On the other hand, imprinted patterns was 

expansion by residual heat at the same time as decreasing the press force because the contact 

part, where the GC mold touched the quartz fibers was cooled at the end. Therefore, some 

filling rates exceeded 1. Hirai et al. reported on the relationship between the height of 

imprinted patterns and the aspect ratio of mold patterns in the case of thermoplastics (Hirai et 

al. 2004). They compared simulations with the experiment results of patterns with the 

linewidths of approximately 250 nm and 1 m. They took into account a mechanism where a 

melted resin filled into a cavity of the mold. As a result, the molding accuracy showed that 

the pattern is not dependent on the absolute size, but is rather dependent on the relative initial 

thickness of the resin and on the aspect ratio of the pattern. Figure 39 shows that the same 

tendency was observed in the imprinting of quartz fiber, as mentioned earlier. Moreover, we 

are planning to fabricate an electrical circuit by inserting an electro-conductive material into a 

thermally imprinted concave pattern on quartz fibers by inkjet and electroless-plating 

processes. Therefore, when the electric circuit pattern with the same cross-sectional area is to 

be fabricated, it will be taken into account that the width of the imprinted pattern is made as 

wide as possible to in order to minimize the aspect ratio. 

 

 
This subchapter was reprinted with permission from Journal of Vacuum Science & Technology B 27, 

2820 (2009). Copyright 2009 American Vacuum Society. 

Figure 39. Relationship between the aspect ratio of mold patterns and filling rate. The filling rate was 

defined by dividing the height of the imprinted pattern by the depth of the mold pattern. d means the 

depth of mold patterns in the figure. 
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3-D SEAMLESS PATTERNING ON QURATZ OPTICAL FIBER  

BY FOCUSED-ION BEAM ETCHING 
Motivation 

 

Nanoimprint technologies are faced serious difficulties in stitching patterns. We then 

tried processing a precise spiral structure by FIB (Meingailis 1987) etching of a processing 

area that was larger than that of electron-beam lithography. We took advantage of the feature 

of seamless processing by direct etching without employing any development cycle. FIB 

technologies were applied to nanofabrication by direct etching on a solid substrate (Tseng 

2004) and in combination with chemical-vapor deposition (CVD) (Matsui et al. 2000). 

Moreover, the applicable field was expanded from sample preparation techniques for material 

analysis (Ishitani and Yaguchi 1996; Heaney et al. 2001; Wirth 2004) to semiconductor 

manufacture (Morimoto et al. 1986) and micro-/nanodevice development (Matsui and Ochiai 

1996; Reyntjens and Puers 2001). We used FIB as one of the fabrication tools for precise 

molds to thermal imprinting on glass materials (Mekaru et al. 2007; 2008; 2009b). For the 

work presented in this paper, we fabricated a simple rotation stage for trial purposes. We also 

reported our experimental results of processing a spiral line pattern on a cylindrical surface of 

a 250-m-diameter QOF by FIB etching. Our technique can be applied to the fabrication of 

the capillaries of micro-fluid devices, as well as of receiver coils connected to a catheter and 

an endoscope of nuclear magnetic resonance imaging (MRI) systems to be used in imaging 

blood vessels, by forming a spiral coil on the surface of a cylindrical quartz material. 

 

 

Fabrication of Fiber Rotation Stage 
 

A mechanism for rotating the fiber being etched with FIB is necessary for the continuous 

processing of the full circumference surface of the QOF. However, the cost of incorporating a 

rotating element into a conventional FIB etching system is too high. Also, in such a case, a 

technical problem is encountered when using the prototype rotation stage developed before 

finalizing the large-scale remodeling of our FIB etching system. For the etching process, the 

FIB system EIP-5400 (Elionix) was used. Figure 40 shows a drawing and a photograph of a 

simple rotation stage fabricated for FIB etching. The rotation stage was compact in design 

with the dimensions of 163×120×55 mm
3
. The fiber was held by a four-jaw chuck connected 

to the rotation system, and the height of the rotation axis of the chuck from the bottom of the 

simple rotation stage was 32.5 mm, which is the same as the height of a standard surface 

when the Si wafer is normally etched by FIB. An LR3 battery was connected to the direct-

current (DC) magnetic motor FP030-KN (Standard Motor) through a variable resistor. A 

plastic gear mechanism for changing the speed (5402:1) was used because the typical 

rotational speed of the motor was 9600 rpm, but in our case, a speed as low as 0.17 rpm was 

necessary. To rotate the gears smoothly, silicone grease was injected into the extra space 

between the gears. EIP-5400 is generally run under a vacuum of less than 1.0×10
-4

 Pa. 

Normally, the motor, gear changer, and battery used in this experiment cannot function under 

such a vacuum. We used a small motor typically employed to drive a plastic model because it 

enabled a simple rotation stage to be fabricated at a very low cost. Therefore, the pressure and 

temperature when the motor was driven in another vacuum chamber with an exhaust unit 
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were measured in an exploratory experiment. From Figure 41, it can be seen that the pressure 

was decompressed to 2.8×10
-4

 Pa for 1 h. The temperature remained steady although it was 8 

ºC higher than that of the atmosphere. Therefore, it seemed that this motor could be used 

under vacuum only for a brief period. Moreover, the LR3 battery was inserted into the 

vacuum chamber of the FIB etching system containing the motor because there was no 

preliminary flange in the vacuum chamber, although the electric power was generally 

supplied from an outside source via a current introduction terminal. In the exploratory work, 

the battery did not explode, and the phenomenon of electrobath leakage was not encountered. 

 

 

Figure 40. (a) Drawing and (b) photograph of simple rotation stage for etching QOF using FIB. The 

unit in the figure is mm. 

 

 

Figure 41. Pressure and temperature when dc motor was driven in vacuum. 

 

Improvement of Eccentric Movement of the QOF 
 

The test sample was a 250-m-diameter QOF made of a 125-m-diameter quartz core 

coated with a UV-cured resin cladding. A 10-nm-thick Pt layer was sputter-deposited on the 
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cylindrical surface of the fiber to prevent any charge buildup during FIB etching. At the initial 

stage of the experiment, the line-shape etched on the UV-cured resin appeared to be zigzag, 

and the line pitch was not stable [Figure 42(a)]. This behavior was related to an eccentric 

spinning (or wobbling) of the rotating fiber, and the sliding movement of the rotation axis in 

the gear mechanism [Figure 42(b)]. 

 

 

Figure 42. (a) FE-SEM images of spiral line before improvement. (b) Schematic image of blurring and 

sliding fiber in rotation stage. 

 

 

Figure 43. (a) Solution for blurring and sliding of fiber in rotation stage. Enlarged photographs of (b) 

V-groove rotation guide in simple rotation stage for controlling blurring effect from fiber, and (c) axis 

suppression device in rotation stage for controlling sliding of fiber. 

The problem was solved by installing a rotation guide and an axis suppression device 

onto the rotation stage, as shown in Figure 43. With this setup, the free end of the QOF was 

bent to prevent its eccentric movement, which also stopped its horizontal sliding motion 

because the rotation rod that was connected to the chuck with a bolt was pushed from its back 

end. Figures 43(b) and 43(c) show enlarged photographs of the rotation guide and the axis 

Complimentary Contributor Copy



Harutaka Mekaru 170 

suppression device of the simple rotation stage, respectively. The cross-sectional shape of the 

rotation guide was a V-groove with an intersection angle of 45º, where the V-groove structure 

was fine-processed by electric-discharge machining. The surface roughness of the V-groove 

was 1 m or less. The 250-m-diameter QOF was held by the V-groove, while in contact 

with its two surfaces allowing the horizontal axis blur to be controlled. 

 

 

Figure 44. Optical micrographs of QOF on V-groove rotation guide with bending heights of (a) 0 mm 

(standard position) and (b) 5 mm. 

Figure 44 shows the result of our investigation of the central of the eccentric exercise 

when the V-groove rotation guide is raised higher than the rotation axis of the fiber. Figure 

44(a) shows the result when the height of the V-groove rotation guide was kept the same as 

that of the rotation axis, where no bending of fibers occurred. On the other hand, Figure 44(b) 

shows the result for a fiber bent by 5 mm by moving the V-groove rotation guide upward, 

where the distance of the V-groove rotation guide from the chuck was 19 mm. Bending force 

was calculated from the bending height of the QOF using a well-known formula related to the 

cantilever with a circular cross section. The geometric moment of inertia Iq of the quartz core 

is denoted by (The Society of Polymer Science, Japan 1986) 

 

64

q

q

D
I


 , (1) 

 

where Dq is the diameter of the quartz core. On the other hand, the geometric moment of 

inertia Ir of a UV-cured resin, which covered the quartz core as a clad layer, is shown by (The 

Society of Polymer Science, Japan 1986) 
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where Dr is the outer diameter of the UV-cured resin and is the same as the diameter of the 

quartz core. In eq. (3) (The Society of Polymer Science, Japan 1986), the bending force W is 

described. Here, W is needed to bend the fiber with a displacement of  while the front end of 

the fiber remains fixed: 

 

 
rrqq IEIE

l
W 

3

3
. (3) 

 

Here, l is the length of the cantilever beam, and Eq and Er are Young‘s moduli of quartz 

and the UV-cured resin, respectively. Because the details of the UV-cured resin were 

unknown, the bending force was calculated by substituting the values for epoxy resin. Dq = 

125 m, Dr = 250 m, l = 19 mm, Eq = 73:1 GPa (National Astronomical Observatory of 

Japan 2011), and Er = 2:36 GPa (The Japan Society of Mechanical Engineers 1987) were 

substituted in eq. (3), and each bending height in Figure 44 was converted into its 

corresponding bending force and plotted in relation to the distance of axis blur, resulting in 

the eccentric movement observed in Figure 45. When the front end of the QOF was forcibly 

pushed up away from the axis of rotation by a bending force of 28.7 mN, the distance of axis 

blur decreased from 243 to 1.84 m and the eccentric movement was suppressed. 

 

 

Figure 45 Relationships between bending force on QOF using V-groove rotation guide and distance of 

axis blur. 

 

3-D Etching on the QOF by FIB 
 

In FIB etching, the rotational speed of the QOF was fixed to 0.5 rpm, where the rotation 

stage was placed inside the vacuum chamber of the FIB etching system. After the pressure in 

the chamber reached 5×10
-4

 Pa, the focus and stage position of FIB were adjusted. FIB was 

scanned at a speed of 37 nm/s along a line defined by the axis of rotation, as shown in Figure 
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46(a). The line length programmed in the FIB system was 60 m. Figure 46(b) shows the 

etched surface of QOF observed using a FE-SEM. Figure 45(c) shows a magnified FE-SEM 

image of the area within the white dotted square in Figure 45(b), and a spiral line pattern 

processed on the cylindrical surface of QOF by FIB etching. The white arrows in the figure 

indicate the spiral line pattern. Because the beam diameter of FIB was 0.9 m, a trench with a 

width of approximately 1 m and an average pitch of 3.75 m could be processed. 

 

z  

Figure 46. (a) Illustration of 3-D FIB etching for patterning spiral line on fiber. (b) FE-SEM image of 

spiral line on QOF after improvement. (c) The inset is a magnified FE-SEM image of area within dotted 

square in Figure (b). 

To measure the width, depth, and pitch of the etched trenches, the surface of QOF was 

observed using the confocal microscope. A 3-mm-diameter rotation rod was connected to the 

last gear in the gear box and to the chuck to fix the QOF via bearings, as shown in Figure 

43(c). During axis suppression, the rotation rod was deliberately pushed using an M3 bolt 

with a sharpened cone tip to suppress the horizontal sliding phenomenon. At the end of the 

rotation rod, a conical hole was processed to ensure that the rotation axis does not shift its 

position while being pushed. In the suppression device, a maximum torque of 50 mN·m could 

be applied by thrusting the M3 bolt. To observe the effect of torque addition, the spiral line 

pattern etched without added torque was compared with that etched at a suppression torque of 

50 mN·m, as shown in Figures 47(a) and 47(b). A cross-sectional profile taken along the dot-

dash line in the upper figure is shown in the lower figure. In the absence of suppression 

torque, individual line patterns were jaggedly drawn with a line-edge roughness of 0.98 m. 

The pattern pitch was not uniform and the variation in pitch was also large. Moreover, the 

etched area width of the spiral pattern in Figure 47(a) spread farther than 60 m, which was 

the designed value. However, when the maximum torque was added to the rotation rod, lines 

were drawn smoothly on the cylindrical surface, and it was confirmed that the line-edge 

roughness of an individual spiral line improved to 0.37 m. The peak-to-peak value of the 

pattern depths between the dotted lines in the cross-sectional profile of Figure 47(b) was 

measured as 252 nm. Moreover, to numerically compare the phenomenon of reduction of the 

variation in pattern pitch with torque by axis suppression, the standard deviation  regarding 
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the pitch of the spiral lines etched on the cylindrical surface of QOF at three torques (0, 10, 

and 50 mN·m) was estimated by calculation. The relationship between suppression torque 

and  is shown in Figure 48. The 10mN·m torque means that the M3 bolt was tightly screwed 

manually. , which was 2.4 m before adjustment, decreased rapidly to 0.96 m upon adding 

a suppression torque of 10mN·m, and improved to 0.81 m upon adding a suppression torque 

of 50 mN·m. In summary, the spiral line pattern was processed to the planned precision. 

 

 

Figure 47. All in-focus images observed by confocal microscope and cross-sectional profiles on white 

dotted line in upper figure: (a) without and (b) with suppression of torque of 50 mN·m. 

 
Copyright of this subchapter 2012 The Japan Society of Applied Physics. 

Figure 48. Relationships between suppression torque applied to rotation rod and standard deviation of 

pattern pitch on cylindrical surface of QOF. 
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CONCLUSION 
 

Mold Characteristics of Plastic Optical Fiber 
 

We experimentally determined the molding characteristics of POF that provided valuable 

information when POF was used as a molding material for hot embossing, and for thermal 

nanoimprinting. We paid special attention to heating temperatures, press depths, and buffer 

materials with different hardness values. The depths of the imprinted patterns and the 

deformation of PMMA cores were also investigated under various conditions. We found that 

the depth of the imprinted pattern increased with the increase in press depth. This trend 

became more pronounced in case of buffered materials with higher hardness values. From the 

observation of POFs cut segments obtained from the dicing operation, we learned that the 

shape of PMMA core varied significantly with the different hardness values of the buffer 

material. The buffer material, which was softer than the PMMA core, was elastically 

deformed to ease off any excessive contact force on PMMA core during the imprinting which 

protected the PMMA core from any damage. On the other hand, when the hardness of the 

buffer material was same or more than that of the PMMA core, the PMMA core was 

deformed significantly. Thus, by selecting an appropriate buffer material in reference to its 

hardness value, the processing depth in POF can be easily controlled from the fluorine clad 

layer to the PMMA core. We believe that the basic data for the imprinting on POFs is useful 

in the development of smart fibers and woven MEMS devices, and will become a strong tool 

for the advancement of our future work. 

 

 

Surface Patterning of Plastic Optical Fiber 
 

We developed a new-type roller nanoimprinting system to precisely transfer fine patterns 

from a plane mold onto the curved surface of a fibrous substrate. With this system, 5-m-

width square and 5-m-diameter circular dotted patterns with 10 m pitch were successfully 

imprinted covering the entire surface of a 250-m-diameter POF. Imprinted conditions such 

as press force, heating temperature of plane molds, and contact time were 12 N, 50 ºC and 0.5 

s, respectively. A POF was moved intermittently with a reel-to-reel feeder under the same 

condition, and a continuous imprint experiment was executed 100 times over a pitch of 16 

mm. As a result, a molding rate of 88% or more was achieved. Excellent imprinted patterns 

were obtained and compared with the convex mold pattern of approximately 3.2 m in height. 

In the next step, we investigated a suitable sliding speed for thermal imprinting on the 

cylindrical surface of the POF. In the final design, the sliding speed was set to 800 m/s, 

where the character pattern composed of a diffraction grating on a flat surface of 

electroformed-Ni molds was transferred onto the cylindrical surface of the POFs by thermal-

imprinting. It was observed that the diffraction gratings of the linewidth of 1 m and the pitch 

of 2 m, or the linewidth of 2 m and the pitch of 4 m were plainly imprinted on the surface 

of the POFs. From this demonstration, it was confirmed that the thermal imprinting 

technology using sliding planar molds was effective for soft patterning on the cylindrical 

surface of fibrous substrates without damaging them. 
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Bulk Deformation to Fabricate Weaving Guides 

 

We developed a reel-to-reel thermal imprint system using a cylindrical mold to process 

weaving guide structures with uniform imprinted depths onto the surface of a fibrous material. 

A continuous molding with a constant press-force was enabled by building a press-force 

correction mechanism into the imprint system; and by suppressing the installation error 

margin of a cylindrical mold, the fluctuation of the press-force decreased to one-11th as 

compared to the case of without controlling at a sending speed of 1 m/min. In addition, it 

succeeded in the continuous processing of a rectangle shaped and arc shaped cross-section 

weaving guide structures onto the surface of a 250-m-diameter POF using a cylindrical mold 

of 100 mm in the diameter and 30 mm in width where the Ni–P alloy surface layer had been 

cut by precision machining. In imprint experiments, POFs were sent at two different speeds of 

1 and 5 m/min, and the imprinted depths were then compared. As a result, the variations of 

the imprinted depths were evaluated in terms of their mean values and 2s, they fell below 

35% of the variation of the diameters of the POFs, and exceptional processing accuracy could 

be proven. From these results, it was confirmed that our imprint system that combined the 

roller-imprint and the reel-to-reel sending mechanisms using the cylindrical mold was 

effective as a technique for continuous processing weaving guides onto the surface of the 

fiber. 

 

 

Reel-to-Reel Imprinting of Multi-Layered Microstructures on Plastic Optical 

Fiber 

 

We manufactured the cylindrical mold with hybrid-layered patterns in order to fabricate 

weaving guides and MEMS structures on a fibrous substrate by a single shot of imprinting to 

develop a smart fiber. Circular and rectangular cross-sectional shaped convex structures with 

a width of 260 m were processed on the cylindrical mold by precise cutting using a forming 

tool. Then MEMS the structure that was patterned by a 3-D photolithography using the 

flexible photomask and Cu electroforming was formed as a hybrid-layered pattern. Moreover, 

in order to make high-speed imprinting possible at a feeding speed of 20 m/min, the control 

system of press force was changed from a feedback method to a feed-forward method in 

consideration of the delay time, and then the standard deviation of the press force was 

reduced to half the value obtained from a conventional method using feed-back controlling. 

The cylindrical mold was included in the reel-to-reel thermal imprint system after re-

modelling, and experiment was carried out using the POF CK-10 as a fibrous substrate for a 

demonstration.  

Then, we succeeded in high-speed imprinting of circular shaped weaving guides, and 

rectangular shaped grooves which contained MEMS patterns on its bottom surface. These 

results show that the reel-to-reel imprint technology using the cylindrical mold is quite a 

useful tool to manufacture a smart fiber. 
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Thermal Imprinting on Quartz Optical Fiber 

 

We succeeded in imprinting various patterns on 200 m wide quartz fibers using GC 

molds fabricated by MEMS technologies. A GC substrate was polished by CMP until the 

thickness and the average surface roughness became 2 mm±0.5 m and 5 nm, respectively. 

Polished GC substrates were processed same way by sputtering, photolithography, and RIE, 

as done in Si wafers. GC molds with four different pattern depths were fabricated and were 

set in a thermal nanoimprint system that had developed to imprint quartz. The GC molds were 

pressed against the quartz fibers in vacuum under prescribed conditions: heating temperature 

= 1350 °C, press force=300 N, and press time = 2 min. As a result, when the depth of mold 

patterns was sufficient, the height of imprinted patterns was found to be proportional to the 

linewidth of mold patterns. However, when the height of imprinted patterns came close to the 

depth of mold patterns, it reached a saturation point. The width of the imprinted quartz fibers 

grew from 200 to 296 m by the press force, but part of the press force was also used up in 

deforming the quartz fibers. Moreover, the filling rate was inversely proportional to the aspect 

ratio of mold patterns. We proved experimentally that the molding accuracy is not totally 

dependent on the pattern size, although it is relatively dependent on the aspect ratio of mold 

patterns as same as thermoplastics. 

 

 

3-D Seamless Patterning on Quartz Optical Fiber by Focused-Ion Beam 

Etching 

 

We succeeded in a seamless patterning with 1-m-wide features on the surface of a 250-

m-diameter QOF by FIB etching. For this purpose, a simple rotation stage system 

comprising a DC motor and an LR3 battery was fabricated. In this process, a technical 

problem resulting in axis blur was encountered prior to the final development in a large-scale 

remodeling of our FIB etching system. It turned out that the eccentric spinning (or wobbling) 

of the axis fiber of the system caused by the unrestrained free end of the fiber was the cause 

of axis blur. The problem was addressed by installing a rotation guide and an axis suppression 

device onto the rotation stage. Moreover, we successfully used the dc motor and LR3 battery 

for the plastic model that could be used in vacuum under a pressure of 10
-5

 Pa for a short 

duration. We plan to develop high-precision FIB processing technology by assembling a 

rotating mechanism for a high-vacuum chamber of the FIB etching system, as well as various 

MEMS devices using the base material that may not necessarily be a Si substrate but can be 

other materials, such as a 3-D shaped optical fiber, in the future. 
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ABSTRACT 
 

We consider the coupled nonlinear Schrödinger and Maxwell-Bloch equations with 

variable dispersion and nonlinearity management functions. These equations describe the 

propagation of an optical soliton in an inhomogeneous nonlinear waveguide doped with 

two-level resonant atoms. Based on the linear eigenvalue problem, the complete 

integrability of such nonlinear equations is identified by admitting an infinite number of 

conservation laws. The first three constants of the motions from the obtained 

conservation laws, namely, energy, momentum and  

Hamiltonian are presented. Using the Darboux transformation method, we obtain 

some explicit bright multi-soliton solutions in a recursive manner. As an example, the 

one- and two-soliton solutions in explicit forms are generated. Then, we explain the 

soliton control by the effect of distributed amplification with varying group velocity 

dispersion, nonlinearity and gain/loss functions. The propagation characteristics of the 

solitons and their collision dynamics are discussed via analytic solutions and graphical 
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illustration. It is shown that the self-induced transparency induces an overall phase shift 

of the soliton during the propagation. 

 

 

1. INTRODUCTION 
 

Communications with the aid of solitons have renowned interest and deserve the attention 

because of their potential applications in high-bit-rate signal transmission over trans-oceanic 

distances [1-6]. In recent years, long haul optical communication through fibers has attracted 

considerable research activities among scientists all over the world. Especially, soliton-type 

pulse propagation plays a vital role in these long haul communication systems. They are 

considered to be the futuristic tools in achieving low-loss, cost-effective high speed 

communication throughout the world. Soliton-type pulse propagation through nonlinear 

optical fibers is realized by means of the exact counterbalance between the major constraints 

of the fiber, i.e, group velocity dispersion (linear effect) which broadens the pulse and the 

self-phase modulation (nonlinear effect) which contracts the pulse. The propagation of optical 

pulses through a nonlinear fiber in the picosecond regime is described by the well-known 

nonlinear Schrödinger (NLS) equation, which was first proposed by Hasegawa and Tappert in 

1973. Considering the coupling between copropagating fiber modes through nonlinearities 

and nonuniformities of different types and the interactions between two waves of different 

frequencies/polarizations, the coupled NLS (CNLS) systems have been proposed to support 

stable optical solitons [7-10]. The CNLS systems are also used in the theory of soliton 

wavelength division multiplexing [11], multi-channel bit parallel-wavelength optical fiber 

network [12] and so on. In recent years, there has been a growing interest in investigating the 

vector solitons governed by the CNLS systems which can be used as carriers of the switched 

information, when they collide with other vector solitons [13-15]. Furthermore, they can 

retain their shapes and energies invariant during the propagation process. However, 

communication grade optical fibers or as a matter of fact, any optical transmitting medium 

does posses finite attenuation coefficient, thus optical loss is inevitable and the pulse is often 

deteriorated by this loss. To make the soliton based communication systems highly 

competitive, reliable and economical when compared to the conventional linear systems, 

attenuation in a fiber must be avoided. Therefore, optical amplifiers have to be employed to 

compensate for this loss. The erbium-doped fiber amplifiers are widely use for this purpose. 

Erbium is selected because the energy difference between the two levels is nearly equal to 

that of the frequency at which present day optical signals are transmitted. In 1967, McCall 

and Hahn [16] described a special type of lossless pulse propagation in two-level resonant 

media. They showed that if the energy difference between the two levels of media coincides 

with the frequency of the optical signal, then coherent absorption and re-emission of light 

takes place and the medium becomes optically transparent to that particular wavelength; this 

is called self-induced transparency (SIT).  

In erbium-doped fibers, the resultant solitons are collectively called nonlinear-

Schrödinger-Maxwell-Bloch (NLS-MB) solitons. This type of soliton pulse propagation was 

theoretically shown for the first time by Mamitsov and Manykin [17], and experimentally 

demonstrated by Nakazawa et al. [18]. In [19], the possibility of coexistence of NLS and SIT 

solitons with higher order linear and nonlinear effects has been investigated. However, the 

above model is based on ideal system. Among the most important models of modern 
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nonlinear sciences are the variable-coefficient Schrödinger-typed ones, which describe such 

situations more realistically than their constant-coefficient counterparts, in plasma physics, 

arterial mechanics and long-distance optical communications [20-25]. The problem of 

nonlinear wave propagation in inhomogeneous media has been found to be of great interest, 

which has a wide range of applications.  

The inhomogeneity in the fiber mainly arises due to two factors: (i) the variation in the 

lattice parameters of the fiber medium and (ii) variation of the fiber geometry. Of late, the 

effect of these inhomogeneities on the propagation of solitary wave pulses in an optical fiber 

has produced considerable activity among researchers. In particular, for the theoreticians, the 

question is to analyze the way in which the behavior of solitons is affected and to find out 

whether these inhomogeneous systems are still integrable like their homogeneous 

counterparts.  

Although the NLS-MB system has been widely investigated, we find that there has not 

been much discussion about the conservation laws and the collision between two solitons of 

the generalized inhomogeneous CNLS-MB equations. Being motivated by the above aspects, 

in the present work, we make a detailed study of the integrability aspects and relevant soliton 

structures of the inhomogeneous CNLS-MB system. Particularly, the generation and stability 

of multisolitary pulses in a system of inhomogeneous CNLS-MB equations by means of the 

simple, straightforward Darboux transformation method based on the Lax pair is obtained. 

These solutions include the one- and two-soliton solutions. The paper is organized as follows. 

In section 2, the generalized inhomogeneous coupled nonlinear Schrodinger-Maxwell-Bloch 

system will be proposed.  

In section 3, the Lax pair and conservation laws of the above model will be obtained. In 

section 4, we will construct the Darboux transformation of the generalized inhomogeneous 

coupled nonlinear Schrodinger-Maxwell-Bloch system. In addition, we will present some 

analytical exact solutions of the system understudy in section 5. Finally, the conclusions will 

be presented in section 6. 

 

 

2. THE GENERALIZED INHOMOGENEOUS COUPLED NONLINEAR 

SCHRÖDINGER-MAXWELL- BLOCH MODEL 
 

The solution of NLS and CNLS equations in an inhomogeneous medium is of great 

importance for investigating wave propagation in various types of physical situations such as 

plasma physics, nonlinear optics, condensed matter, and so on. Serkin et al. [26] introduced 

the inhomogeneous NLS equation and obtained the one- and two-soliton solution through the 

Lax pair technique [27].  

Very recently, we have extended the study in the inhomogeneous CNLS equation [28]. In 

this work, we have modified the inhomogeneous CNLS equation to suit with the pulse 

propagation in erbium-doped fibers, wherein the effect of SIT should be included and the 

governing equation is now called the generalized inhomogeneous CNLS-MB equation of the 

following forms: 
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 (2.1) 

 

where 
1q  and 

2q  are the slowly varying amplitudes of the signal, ( , )jP z t  is the measure of 

the polarization of the resonant medium,  , ( , ) , 1, 2i jM z t i j   denotes the extent of 

population inversion, ( )D z  represents the GVD, ( )R z  is the nonlinearity parameter, ( )z  

corresponds to gain or loss and ( )f z  is a parameter describing the interaction between the 

propagating field and the energy levels of the erbium atoms,   represents the complex 

conjugate, ...   represents the averaging function over the entire frequency range. For 

example,  

 

( , ) ( , ; ) ,P z t P z t d 




     (2.2) 

 

such that 

 

( ) 1,g d 




  (2.3) 

 

( )g   being the distribution function which represents the uncertainty in the energy level of 

the resonant atoms. The cross-phase modulation coefficient B  is a function of ellipticity 

angle  , and is given by [29] 

 
2

2

2 2sin ( )
.

2 cos ( )
B









 (2.4) 
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This give 2/3B   for linear birefringent fiber 0  ; 2B   for circular birefringent fiber 

/ 2  , and 1B   for the ideal birefringence case 35,3  . The latter case used in the rest 

of the paper is of particular interest because Eq. (2.1), with 1B  correspond to the Manakov 

equation, which can be solved by the Darboux transformation method. Eq. (1) also describes 

the amplification or absorption of pulses propagating in a coupled optical fibers with 

distributed dispersion and nonlinearity. In practical applications, the model is of primary 

interest not only for the amplification and compression of optical solitons in inhomogeneous 

systems, but also for the stable transmission of dispersion and nonlinear management soliton.  

 

 

3. LAX PAIR AND INFINITE CONSERVATION LAWS 
 

To ensure the complete integrability of a nonlinear system, the Lax pair plays a vital role 

in studying the integrable properties of nonlinear evolution equations [30]. By employing the 

Ablowitz-Kaup-Newell-Segur (AKNS) technique, one can construct the linear eigenvalue 

problem for Eq. (2.1) as follows: 

 

  2

0 1 0 1 2 1

1
, ,

2
t zU U U V V V V V        

 
        

 
 (3.1) 

 

where 
1 2 3( , , )T    , T denotes the transpose of the matrix and   is a isospectral parameter, 

while matrices 
0 1 0 1 2, , , ,U U V V V , and 

1V
 are presented in the form  

 

1 2

0 1 1

2

0 0 0
( )

0 0 , 0 0 ,
( )

0 0 0 0

i q q
R z

U i U q
D z

i q





   
   

     
      

 (3.2) 

 

0 0 1 1( ) , ( ) ,V D z U V D z U   (3.3) 

 2 2

1 2 1 2

2

2 1 1 1 2

2

2 1 2 2

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ,

( ) ( ) ( ) ( )

t t

t

t

iR z q q i D z R z q i D z R z q

V i D z R z q iR z q iR z q q

i D z R z q iR z q q iR z q

 

 

     
 
 

     
 
    
 

 (3.4) 

 

1 2

1 1 11 12

2 21 22

.

N P P

V P M M

P M M







 
 

  
 
 

 (3.5) 

 

It is easy to prove that the compatibility condition  , 0z tU V U V   , gives rise to Eq. 

(2.1) under the following restriction condition [31, 32]: 
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1

2( ), ( )1 ( )
( ) , ( ) ,

2 ( ) ( ) ( )

W R z D z R z
z f z

R z D z D z

 
    

 
 (3.6) 

 

where  ( ), ( ) z zW R z D z RD DR  . 

According to [33], we know that an infinite number of conservation laws have a close 

relationship to the Lax pair. We will prove the existence of infinitely many independent 

conservation laws as further support of the integrability for equation (2.1). Introducing two 

new variables 

 

32

1 2

1 1

, ,


 
     (3.7) 

 

and taking the derivative of  1, 2j j   with respect to t by the use of equation (3.1) gives 

rise to the following two Riccati-type equations: 

 
2

1 1 1 1 1 2 1 2( ) 2 ( ) ( ) .t f z q i f z q f z q         
 (3.8) 

 
2

2 2 2 2 2 1 1 2( ) 2 ( ) ( ) .t f z q i f z q f z q           (3.9) 

 

Multiplying equations (3.8) and (3.9) respectively by 
1q  and 

2q  and expanding 
1 1q   and 

2 2q   in power series of 1/ , 

 

1 1 1 2 2 2

1 1

( , ), ( , ),m m

m m

m m

q z t q z t 
 

 

 

        (3.10) 

 

the recursion formulae for 1m  and 2 ( 1, 2, ...)m m   can be determined as  

 

2 2

11 1 21 2( ) , ( ) ,
2 2

i i
f z q f z q       (3.11) 

 

12 1 1 22 2 2

1 1
( ) , ( ) ,

4 4
t tf z q q f z q q        (3.12) 

 

1 1
1

1 1 1 1 1 2 1

1 1 1

1 1
2

2 1 2 2 1 2 2

1 1 2

( ) ( ) ,
2

( ) ( ) , 2.
2

m m
k

m m k k m k k

k k t

m m
k

m m k k m k k

k k t

i
f z f z q

q

i
f z f z q m

q

 

  

 

 

  

 

  
           

  

  
            

  

 

 

 (3.13) 

 

By virtue of the compatibility condition    1 1ln ln
zt tz

  , we obtain the following 

conservation form 
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( , ) ( , ) 0,k ki z t J z t
t z


 
 

 
 (3.14) 

 

where ( , )k z t  and ( , ) ( 1, 2, ...)kJ z t k   are called conserved densities and conserved fluxes, 

respectively. The first three significant physical conservation laws are presented as 

 

   

  

 

   

2 2

1 1 2 2 1 1 2 2

4 2 2 42

3 1 1 2 2 1 1 2 2

1 1 1 1 1 2 2 2 2

2
2 2

2 1 1 1 1 2 2 2 2 1 2 1

( , ) ( ) , ( , ) ( ) ,

( , ) ( ) ( ) 2 ,

( )
( , ) ,

2

( ) 1
( , ) ( )

2 2

t t

tt tt

t t t t

t t tt t t tt

z t f z q q z t f z q q q q

z t f z q q q q f z q q q q

D z
J z t q q q q q q q q N

D z
J z t q q q q q q q q R z q q p

 



 

 

   

   

   

    

    

        

         
   

1 2 2

2 2 2 2 2 2

3 1 1 1 1 2 2 2 2 1 2 1 2 1 2 1 1 1 1 2 2 2 2

2

1 1 2 2 1 1 2 2

2 ,

( )
( , ) ( )

2

2 4 .

t tt ttt t tt ttt t t t t
t

t t

q p q i N

D z
J z t q q q q q q q q R z q q q q q q q q q q q q q q

p q p q i p q p q N



 

 

       

   

 

            

   

 (3.15) 

 

Using the vanishing boundary condition, we can gain the first three constants of the 

motions from the obtained conservation laws, 

 

   

  

2 2

1 1 2 2 1 1 2 2

4 2 2 42

3 1 1 2 2 1 1 2 2

, ,

( ) 2 ,

t t

tt tt

H q q dt H q q q q dt

H q q q q f z q q q q dt

 

 

 



 



   

    

 



 (3.16) 

 

where 
1H , 

2H , and 
3H  may be related to the energy, momentum and Hamiltonian for 

System (2.1). 

 

 

4. DARBOUX TRANSFORMATION METHOD 
 

In order to reveal the analytic soliton-like solutions of Eq. (2.1) under constraints (3.6), 

we will employ the Darboux transformation method, which is an effective and 

computerizable procedure and has been widely used to construct soliton-like solutions for a 

class of variable coefficient nonlinear evolution equations [31, 32]. The Darboux 

transformation can give rises to a general procedure in order to recursively generate a series 

of analytic solutions including multisoliton solutions from a seed solution [34]. On the basis 

of the 3 3  Lax pair and with constraints (3.6), we construct the Darboux transformation for 

Eq. (2.1) in the following form [35] 

 

 ' I S   
 (4.1) 
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where I is the 3 3  identity matrix, S is a nonsingular matrix and its entries  1 , 3ijS i j   

are all parameters to be determined. It requires that '  should also satisfy the linear 

eigenvalue problem (3.1), i.e. 

 

 ' ' ' ' 2 ' ' ' '

0 1 0 1 2 1

1
, ,

2
t zU U V V V V      

 
      

 
 (4.2) 

 

where ' ' ' ' '

0 1 0 1 2, , , ,U U V V V , and '

1V
 have the same form as 

0 1 0 1 2, , , ,U U V V V and 
1V
 except that 

1( , )q z t is replaced by 
1

' ( , )q z t , 
2 ( , )q z t  by '

2 ( , )q z t , and should also satisfy the following set of 

equations: 

 
' '

0 0 0 0, ,U U V V   (4.3) 

 
'

1 1 0 0 0,U U U S SU     (4.4) 

 
'

1 1 0,tU S SU S    (4.5) 

 

   '

1 1 0 0 3 0 3 0 0,V V V S i I S S i I V        (4.6) 

 

   '

2 2 1 0 3 0 3 1 0,V V V S i I S S i I V        (4.7) 

 

   '

2 0 3 0 3 2 0,zV S i I S i I V S       (4.8) 

 

where Eqs. (4.3)-(4.8) are actually identical and are satisfied if and only if  

 

' '

1 1 12 2 2 13

( ) ( )
2 , 2 ,

( ) ( )

D z D z
q q i S q q i S

R z R z

 
     (4.9) 

 

12 21 13 31, .S S S S      (4.10) 

 

Then, based on the investigation of [36], we can specially define  

 
1,S H H     (4.11) 

 

with  

 

1

1

11 1 21 1 31 1 1

21 1 11 1

31 1 11 1

( ) ( ) ( ) 0 0

( ) ( ) 0 , 0 0 .

( ) 0 ( ) 0 0

H

      

    

    





  
  

      
       

 (4.12) 
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From expression (4.9), we can get the relation between the new potentials '

1( , )q z t  and 

'

2 ( , )q z t  and old potentials 
1( , )q z t  and 

2 ( , )q z t  as given below  

 

2,1

3,1

1 1,1 1 1'

1 1 2 2 2

1,1 2,1 3,1

1 1,1 1 1'

2 2 2 2 2

1,1 2,1 3,1

Im( ) ( ) ( )( )
( , ) ( , ) 4 ,

( )

Im( ) ( ) ( )( )
( , ) ( , ) 4 .

( )

D z
q z t q z t i

R z

D z
q z t q z t i

R z

    

  

    

  






 

 


 

 

 (4.13) 

 

Analogous to this procedure and using the Darboux transformation n times, we find the 

following nth-iterated potential transformation formula: 

 

   

   

2,

3,

1,'

1 1

1

1,'

2 2

1

Im( ) ( ) ( )( )
4 ,

( )

Im( ) ( ) ( )( )
4 .

( )

j

j

n
j j j j

j j

n
j j j j

j j

D z
q n q n i

R z A

D z
q n q n i

R z A

    

    










 


 





 (4.14) 

 

where 

 

   , 1 1 1 , 1 ,( ) ( ) ( ),
j

m j j j j m j j j j m j j

j

B

A
          

        (4.15) 

 
2 2 2

1, 2, 3,( ) ( ) ( ) ,j j j j j j jA        
 (4.16) 

 

1, 2, 3,1, 1 2, 1 3, 1( ) ( ) ( ) ( ) ( ) ( ),
j j jj j j j j j j j j jB              

      (4.17) 

 

with 1, 2, 3, 1, 2,m j   and 1, 2, 3,, , ,
T

j j j      the vector solution of the Lax pair 

corresponding to .j   

 

 

5. BRIGHT SOLITON SOLUTIONS OF THE GENERALIZED 

INHOMOGENEOUS COUPLED NONLINEAR SCHRÖDINGER-MAXWELL-

BLOCH EQUATION  
 

5.1. Bright One-Soliton Solution 
 

In order to obtain the bright one-soliton solution of system (2.1), we take the zero seed 

solutions and choose 
1,1 1 2,1 1( ), ( )     and 

3,1 1( )   as follows  
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     1,1 1 1 1 2,1 1 1 1 3,1 1 1 1( ) exp , ( ) exp , ( ) exp ,c c c              (5.1) 

 

where 2

1 1 1 ( ) ,i t i D z dz      and 
1 2,c c  and 

3c  are both complex constants. By taking the 

complex spectral parameter  1 1 1

1
,

2
i    the one-soliton solution of system (3.1) can be 

derived as: 

 

   

   

2
1 1 1 1

1

3

2 1 1 1

1

( )
2 exp 2 sec 2 ,

( )

( )
2 exp 2 sec 2 ,

( )

c D z
q i h

R zc

c D z
q i h

R zc

  

  










 


 

 (5.2) 

 

where  

 

 

1

1 1 1 1 102

0 02

1 1 0

2 2 1 0

1 1 1 1 102

0 02

1 1 0

( ) ( ) ,
1 1

4 2

21
( ) ( ) ,

2 1 1

4 2

z z

z z

t D z dz D z dz

t D z dz D z dz


   

  

 
    

  

   
 

  
 


    

 
  
 

 

 

 

 

which 

2 2

32

1 1

1.
cc

c c
   

10  and 
10  are the arbitrary real constants. The real part of the spectral 

parameter is related to the velocity of the soliton and its imaginary part corresponds to the 

amplitude of the soliton. Because solutions (5.2) include two arbitrary distributed functions 

( )D z  and ( )R z , thus by choosing the different form, one can explain the various soliton 

controls. Here, as an example, we consider a periodic distributed amplification system [37] 

with the varying group velocity dispersion parameter 

 

0( ) exp( ) ( ),D z D z R z  (5.3) 

 

and the nonlinearity parameter 

 

 0( ) 1 sin ,R z R gz     (5.4) 

 

where 0D  is the parameter related to the initial peak power in the system and 0R  is the 

parameter describing Kerr nonlinearity.   is a small quantity and g  is related to the varying 

period of fiber parameters. For convenience, we take parameters 0 1D   , 0 1R  , 0.05   

and 1g  . In this situation, the gain/loss distributed function (3.6) is of the constant form 
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( )
2

z


  , which represents the dispersion decreasing (increasing) fiber media for 

 0 0   .  

Figures 1, 2 and 3 present the evolution of the solution (5.2) with ( )D z  and ( )R z  given 

by Eqs. (5.3) and (5.4) for different values of the parameter  . These figures show that the 

intensity of the solitary wave decreases (Figure 1 for 0.05   ) or increases (Figure 2 for 

0.05  ) while propagating through optical medium. For 0  , the profile of the solitary 

wave is constant (Figure 3). To understand the effect of erbium doped atoms, we have 

represented the evolution of the one soliton solution in absence of the MB part obtained in 

[28]. By comparing the results of Figures 1(a), 2(a), 3(a) with those of Figures 1(b), 2(b) and 

3(b), it is clear that the SIT phenomenon is responsible for introducing a phase shift. In all 

these figures, the time shift and the group velocity of the solitary wave are changing while the 

solitary wave keeps its shape in propagating along the fiber. This is one of the important 

properties of solitary waves.  

 

 
(A) 

 
(B) 

Figure 1. The evolution plot of solution given by Eq. (5.2) with periodic influence for 

1 1 1 2 10 10 00.05, 1.75, 1.25, 1, 1, 0, 0, 0.8;c c                (a) without the MB term; (b) 

with the MB term. 
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(A) 

 
(B) 

Figure 2. The evolution plot of solution given by Eq. (5.2) with periodic influence for 

1 1 1 2 10 10 00.05, 1.75, 1.25, 1, 1, 0, 0, 0.8;c c               (a) without the MB term; (b) 

with the MB term. 

 
(A) 

Figure 3. (Continued). 
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(B) 

Figure 3. The evolution plot of solution given by Eq. (5.2) with periodic influence for 

1 1 1 2 10 10 00, 1.75, 1.25, 1, 1, 0, 0, 0.8;c c               (a) without the MB term; (b) with 

the MB term. 

 

5.2. Bright Two-Soliton Solution 
 

Similarly, setting 2n   in expression (4.14) and choosing 

 

     1,1 2 4 2 2,1 2 1 2 3,1 2 1 2( ) exp , ( ) exp , ( ) exp ,c c c              (5.5) 

 

where 2

2 2 2 ( ) ,i t i D z dz      and 
4 5,c c  and 

6c  being complex constants, the two-soliton 

solution can be written in an explicit form as follows: 

 

    54 1 1

1 2

6 6

( ) ( )
2 , 2 ,

( ) ( )

cc G GD z D z
q q

R z F R z Fc c



 

 
   (5.6) 

 

where 

 

 1 1 2 1 2 1 2 3 2 1 1 2

1 1 2 2 1 2 3 2 1

cosh(2 )exp(2 ) cosh(2 )exp(2 ) sinh(2 )exp(2 ) sinh(2 )exp(2 )

cosh(2 2 ) cosh(2 2 ) cos(2 2 ),

G a i a i ia i i

F b b b

       

     

   

     
 (5.7) 

 

with 
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 (5.8) 
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0 02

0

02 2

02

0 02

0

( ) ( ) ,
1 1

4 2

21
( ) ( ) ,

2 1 1

4 2

z z
j

j j j j j

j j

z z
j

j j j j j

j j

t D z dz D z dz

t D z dz D z dz


    

  

 
    

  

   
 

  
 


    

 
  
 

 

 

 (5.9) 

 

where 

2 2

64

1 1

1,
cc

c c
   

0j  and 
0j  are the arbitrary real constants, and we have used 

 
1

, 1, 2.
2

j j ji j      

From the expression of 
j , one can clearly see that if one manages to control the 

parameters 
j  and 

j , it is possible to form a separating evolution behavior of solitons. 

Although the fundamental soliton propagation cannot be obtained in standard fibers, pulse 

propagation over relatively long distances (and even transoceanic distance) can still be 

obtained through an appropriate combination of dispersion management and optical 

amplification (now mostly based on erbium-doped fiber amplifiers and Raman amplifiers) 

[38]. Figure 4 presents the evolution of the two soliton solutions without the MB term (Figure 

4 (a)) and with the MB term (Figure 4 (b)) for 0.   ( )D z  and ( )R z  are given by Eqs. (5.3) 

and (5.4). It is clearly seen from the figure that the presence of doped atoms induces an 

overall phase shift. One can also see that the separation between the two solitons can 

decreases or increases if one adjusts the initial separation. From Figure 4 (a), we observe that 

the separation between the two soliton decreases. The decreasing initial separation between 

adjacent pulses may result in the strong interaction and pulse distortion [39]. Obviously, this 

is disadvantageous for the transmission of the information. For comparison, we observe in 

Figure 4(b) that the separation between the two soliton increases progressively with the 

propagation distance. This case is advantageous to increase the information bit rate in optical 

soliton communication. These results will be very useful in increasing the bit rate in ultrahigh 

and long-distance optical communication links. 
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(A) 

 
(B) 

Figure 4. The separating evolution plot of solution given by Eq. (33) with 

1 2 1 2 4 5 6 01 02 01 02 00, 2.25, 0.5, 0.5, 0.5, 1, 1, 1, 0, 0, 0, 0, 0.8;c c c                       

 (a) without the MB term; (b) with the MB term. 

In order to find whether the elastic interactions between the two solitons along the 

erbium-doped fiber is maintained in the presence of inhomogeneities, and better understand 

the collision dynamics between the two solitons, we perform the asymptotic analysis [40] to 

investigate expression (43) as follows: 

 

 Before collision  z  . 
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a) When we set  2  , the first component of the two-soliton solution has the 

form 

 

 1 2 11

11 2

exp(2 )( )
,

( ) cosh(2 )

j

j

a ia iD z
q

R z Rb b

 









 (5.10) 

 

where 1, 2j   and 1

2

exp( )
b

R
b

 . 

b) When we set  2  , the first component of the two-soliton solution has the 

form 

 

 1 3 11

11 2

exp(2 )( )
.

( ) cosh(2 )

j

j

a ia iD z
q

R z Rb b

 









 (5.11) 

 

Thus we can define the amplitude's transition matrix for the first component of the two-

soliton solution before the collision as 

 

1 1 2

1 2

.j

a ia
T

a ia





 (5.12) 

 

 After collision  z   

 

a) When we set  1  , the second component of the two-soliton solution has 

the form 

 

 3 2 22

21 2

exp(2 )( )
,

( ) cosh(2 )

j

j

a ia iD z
q

R z Rb b

 









 (5.13) 

 

b) When we set  1  , the second component of the two-soliton solution has 

the form 

 

 3 2 22

21 2

exp(2 )( )
.

( ) cosh(2 )

j

j

a ia iD z
q

R z Rb b

 









 (5.14) 

 

Also we can define the amplitude's transition matrix for the second component of the 

two-soliton solution after the collision as 
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1 3 2

3 2

.j

a ia
T

a ia





 (5.15) 

 

One can easily find from equations (5.12) and (5.15) that  1, 1, 2 .l

jT l   

This result shows that the collision of two inhomogeneous solitons in erbium doped fiber 

is elastic. The solitons will pass through each other without being affected in their shapes and 

sizes when the collision happens. However, the phase shift as a result of collision may be 

obtained as 1

2

2 ln .
b

R
b

 
  

 
 Figures 5, 6, and 7 display the collision process of the two solitons 

propagating in erbium-doped fiber with the MB term for different values of the parameter .  

We observe that the solitons can undergo elastic collision (shape preserving). Two solitons 

start separately and walk through each other unaffectedly and keep their shapes and velocities 

invariant after the collision. 

 

 

Figure 5. The evolution plot of the solution given by Eq. (5.6) describing the collision of two solitons 

with opposite velocities in the case 0.09   . The others parameters are 

1 2 1 2 4 5 6 01 02 01 02 03.5, 0.25, 0.5, 0.5, 1, 1, 1, 0, 0, 0, 0, 0.8.c c c                      

 

Figure 6. The evolution plot of the solution given by Eq. (5.6) describing the collision of two solitons 

with opposite velocities in the case 0  . The others parameters are 

1 2 1 2 4 5 6 01 02 01 02 01.56, 0.56, 0.2, 0.2, 1, 1, 1, 8, 5, 0, 0, 0.8.c c c                       
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Figure 7. The evolution plot of the solution given by Eq. (5.6) describing the collision of two solitons 

with opposite velocities in the case 0.09  . The others parameters are 

1 2 1 2 4 5 6 01 02 01 02 01.25, 2.5, 0.6, 0.8, 1, 1, 1, 0, 0, 0, 0, 0.8.c c c                      

 

CONCLUSION 
 

Optical solitons and their interactions have their potential applicability in the optical 

communication systems. In this work, with symbolic computation, we have studied the 

interaction properties of solitons in the generalized inhomogeneous CNLS-MB system. We 

have presented the explicit 3 3  Lax pair for such a system. In order to better explain the 

stable pulse propagation in erbium-doped fiber communication systems, we have given the 

first three conservation laws and the first three conserved quantities of the system. Via the 

Darboux transformation method, a simple procedure to derive the N-soliton solutions has 

been presented. For instance, the explicit one- and two-soliton solutions have been generated. 

The solutions' characteristics and collisions are discussed analytically under a given soliton 

control system. Soliton based optical fiber communication systems using erbium-doped fiber 

amplifiers are more suitable for long haul communication because of their very high 

information carrying capacity and repeater less transmission. Then, the application of the 

results obtained here would be useful in the design of fiber optic amplifiers or and in optical 

soliton communications to increase the information bit rate. However, it should be noted that, 

in realistic situations, it is difficult to produce exact gain/loss functions as given by equation 

(3.6). So, it is our belief that, in future, the difficulties in realizing such fibers with 

inhomogeneous parameters could be overcome. 
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ABSTRACT 
 

Solitons are special breed of optical pulses that can propagate through an optical 

fiber undistorted for very long distances. Solitons are therefore an important development 

in the field of optical communications. The key to soliton formation is the careful balance 

of the opposing forces of chromatic dispersion and self-phase modulation (nonlinear 

phenomena). We give the basic principle of soliton formation and study the nonlinear 

electromagnetic wave propagation in inhomogeneous fiber cores in the both normal and 

anomalous dispersive regimes. In order to include the inhomogeneous physical effects, 

the nonlinear Schrödinger (NLS) equation, which governs the solitary pulse propagation 

in optical fiber, is modified by adding terms for phase modulation and fiber power 

loss/gain. Advanced mathematical solution techniques, e.g. Lax pair construction and 

Hirota transformation are introduced in order to bilinearize and solve the modified NLS 

equations, which are inhomogeneous and higher-order nonlinear partial differential 

equations. A general integrability condition is arrived for all the cases. The modified NLS 

equations in the normal and anomalous dispersive regimes are then Hirota bilinearized, 

and exact bright and dark solitons solutions are obtained. The analytical soliton solutions 

are also obtained.  

The results show that in both cases the areas of the pulse envelopes remain preserved 

during the propagation in the fibers, demonstrating that bright/dark solitary wave 

propagation is maintained in the cores. The results are discussed in details. The 

discussion, however, highlights some problems in solitonic propagation.  

 

Keywords: Optical soliton; Nonlinear Schrödinger equation; Horota transformation; Lax 

pair; Self-phase modulation; Group velocity dispersion 
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1. INTRODUCTION 
 

We are now at the age of high demand of frequent information, in particular, we expect 

all information we need at the speed of light! In order to respond to this demand, the old 

analog metal cable communication devices are lagging behind because they are slow and 

noisy. Modern communications relies on fast digital optical fiber systems, though there is, 

however, a draw back to using fiber solitons as the current electronic amplifiers and switches 

just cannot operate quickly enough for the short pulses and high speeds that optical solitons 

can provide. The idea of optical fiber communications is to inject laser pulses into a fiber. 

Information is coded within these pulses. In order to increase the amount of information we 

can send in one second, we can make the pulses as short as possible and inject many pulses 

per second, but there is a limit of the width of laser pulses. When a pulse propagates along a 

fiber, its width increases: the narrower the pulses, the more rapid the increase. This effect is 

called dispersion. We then can imagine that if we inject too many short pulses into a fiber, 

they will overlap after propagating over some distance. We then will not be able to 

distinguish between pulses, and information will have been lost. Fortunately, there is also 

another counter-effect which shortens the width of a pulse. This effect is called nonlinearity. 

If the intensity of a laser pulse is strong enough, this nonlinear effect can be in an active 

balance with the dispersion effect. The result is a pulse that can keep its shape for a long 

propagation distance, even including small disturbance or perturbation. These steady pulses 

are called optical solitons.  

Due to their short pulse duration and high stability, solitons could form the high-speed 

communications backbone of tomorrow's information super-highway. Solitons are a special 

breed of optical pulses that can propagate through an optical fiber undistorted for tens of 

thousands kilometers. The key to soliton formation is the careful balance of the opposing 

forces of chromatic dispersion and self-phase modulation. Solitons refer to the functional 

form of the specific solutions of the underlying nonlinear equation that describes light 

propagation in nonlinear optical media. The fundamental property of solitons that makes them 

attractive for optical communications is that solitons maintain their shape upon propagation 

and even exhibit particle behavior by surviving collisions with one another. A wide 

applicability of the soliton equation implies soliton phenomena which are common in various 

fields of physics. This is the essence of soliton physics. Solitons appear in almost all branches 

of physics, such as hydrodynamics, plasma physics, nonlinear optics, condensed matter 

physics, low temperature physics, particle physics, nuclear physics, biophysics and 

astrophysics [1].  

An optical soliton is a pulse that travels without distortion due to dispersion or other 

effects. They are a nonlinear phenomenon caused by self-phase modulation (SPM), which 

means that the electric field of the wave changes the index of refraction seen by the wave 

(Kerr effect). SPM causes a red shift at the leading edge of the pulse. Solitons occur when this 

shift is canceled due to the blue shift at the leading edge of a pulse in a region of anomalous 

dispersion (bright soliton), resulting in a pulse that maintains its shape in both frequency and 

time. Solitons are therefore an important development in the field of optical communications. 

At the beginning of this paper a general discussion on optical soliton, its formation and 

properties and related terms is given. Nonlinear Schrödinger (NLS) equation in anomalous 

(bright soliton) and normal (dark soliton) dispersive regimes with both gain and loss 
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(damping) has been considered and exactly solved. Bright and dark solitons in both cases 

have been constructed. In order to solve eigenvalue problem, Lax pair and Hirota 

transformation have been introduced and used. Challenges or problems in soliton propagation 

have also been discussed.  

 

 

2. CHROMATIC DISPERSION 
 

An electromagnetic wave, such as the light sent through an optical fiber, is actually a 

combination of electric and magnetic fields oscillating perpendicular to each other. When an 

electromagnetic wave propagates through free space, it travels at the constant speed of c =3.0 

x10
8
 meters per second, equivalent to about seven trips around the earth every second. 

However, when light propagates through a material rather than through free space, the electric 

and magnetic fields of the light induce a polarization in the electron clouds of the material. 

This polarization makes it more difficult for the light to travel through the material, so the 

light must slow down to a speed less than its original 3.0 x10
8
 meters per second. The degree 

to which the light is slowed down is given by the material's refractive index n. The speed of 

light within material is then v = c/n (m/s). This equation shows that a high refractive index 

means a slow light propagation speed. Higher refractive indices generally occur in materials 

with higher densities, since a high density implies a high concentration of electron clouds to 

slow the light.  

Since the interaction of the light with the material depends on the frequency of the 

propagating light, the refractive index is also dependent on the light frequency. This, in turn, 

dictates that the speed of light in the material depends on the light's frequency, a phenomenon 

known as chromatic dispersion. In order to understand what chromatic dispersion means for 

fiber optic communication systems, one must first understand the nature of an optical pulse. 

Although an optical pulse represents only a single bit of information in a communication 

system, it is actually composed of many hundreds or even thousands of particles of light 

known as photons. 

Optical pulses are generated by a near-monochromatic light source such as a laser or a 

LED. If the light source were completely monochromatic, then it would generate photons at a 

single frequency only, and all of the photons would travel through the fiber at the same speed. 

In reality, small thermal fluctuations and quantum uncertainties prevent any light source from 

being truly monochromatic. This means that the photons in an optical pulse actually include a 

range of different frequencies. Since the speed of a photon in an optical fiber depends on its 

frequency, the photons within a pulse will travel at slightly different speeds from each other. 

The result is that the slower photons will lag further and further behind the faster photons, and 

the pulse will broaden. Optical pulses are often characterized by their shape, and a typical 

pulse shape is Gaussian, like that shown in Figure 1. In a Gaussian pulse, the constituent 

photons are concentrated toward the center of the pulse, making it more intense than the outer 

tails. An example of this Gaussian-type broadening is given in Figure 1. 

Chromatic dispersion may be classified into two different regimes: normal and 

anomalous. With normal dispersion, the lower frequency components of an optical pulse 

travel faster than the higher frequency components. The opposite is true with anomalous 

dispersion. 
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Figure 1. A Gaussian pulse broadens due to chromatic dispersion. 

The type of dispersion a pulse experiences depends on its wavelength; a typical fiber 

optic communication system uses a pulse wavelength of 1.55 µm, which falls within the 

anomalous dispersion regime of most optical fibers. Pulse broadening, and hence chromatic 

dispersion, can be a major problem in fiber optic communication systems for obvious reasons. 

A broadened pulse has much lower peak intensity than the initial pulse launched into the 

fiber, making it more difficult to detect. Worse yet, the broadening of two neighboring pulses 

may cause them to overlap, leading to errors at the receiving end of the system. However, 

chromatic dispersion is not always a harmful occurrence. As we shall see soon, when 

combined with self-phase modulation, chromatic dispersion in both normal and anomalous 

dispersive regimes may lead to the formation of optical solitons. 

 

 

3. SELF-PHASE MODULATION 
 

As we see in the previous section that a material's refractive index is dependent on the 

frequency of the light traveling through it. In fact, the refractive index is also dependent on 

the intensity of the light. This is due to the fact that the induced electron cloud polarization in 

a material is not actually a linear function of the light intensity. The degree of polarization 

increases nonlinearly with light intensity, so the material exerts greater slowing forces on 

more intense light. The result is that the refractive index of a material increases with the 

increasing light intensity. Phenomenological consequences of this intensity dependence of 

refractive index in fiber optics are known as fiber nonlinearities. There exist many different 

types of fiber nonlinearities, but the one of most concern to soliton theory is SPM. With SPM, 

the optical pulse exhibits a phase shift induced by the intensity-dependent refractive index. 

The most intense regions of the pulse are slowed down the most, so they exhibit the greatest 

phase shift. Since a phase shift changes the distances between the peaks of an oscillating 

function, it also changes the oscillation frequency along the horizontal axis. 

For simplicity, you may think of a phase shift as stretching out or squishing part of an 

oscillating function along its horizontal axis. The concepts of phase shift and chirp is given by 

introducing an optical pulse wave (Gaussian pulse) before undergoing a phase shift (Figure 2, 

top). This wave is unchirped, meaning that there is no ordered variation in frequency along 

the length of the wave. In the case of Figure 2 top, this is due to fact that the pulse wave has a 

constant frequency along its entire length.  
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Figure 2. Unchirped ((Top) and chirped (Bottom) Gaussian pulses. 

Figure 2 bottom shows the same pulse wave after undergoing a phase shift such that the 

left-hand side of the wave has a higher frequency than the right-hand side. As a result, the 

wave is chirped and so there is an ordered variation in frequency along the horizontal axis. 

This is because SPM only broadens the pulse in the frequency domain, not the time domain. 

As in Figure 2 bottom, SPM leads to a chirping with lower frequencies on the leading 

(right-hand) side and higher frequencies on the trailing (left-hand) side of the pulse. Like 

dispersion, SPM may lead to errors at the receiving end of a fiber optic communication 

system. This is particularly true for wavelength-division multiplexed systems, where the 

frequencies of individual signals need to stay within strict upper and lower bounds to avoid 

encroaching on the other signals. 

 

 

4. SOLITON FORMATION 
 

The origins of chromatic dispersion and SPM and how they separately affect the 

propagation of an optical pulse are introduced in Sections 2 and 3. These phenomena can, 

individually, create major problems in a fiber optic communication system, but if a system is 

designed such that the effects of dispersion and SPM perfectly cancel each other out, a pulse 

may propagate through a fiber without any broadening in the time or frequency domains. Let 

us now see how this is possible for a pulse with a wavelength in the anomalous dispersion 

regime of a fiber. SPM leads to lower frequencies at the leading side of the pulse and higher 

frequencies at the trailing side of the pulse and anomalous dispersion causes lower 

frequencies to travel slower than higher frequencies. Therefore, anomalous dispersion causes 

the leading side of the pulse to travel slower than the trailing side, effectively compressing the 

pulse and undoing the frequency chirp induced by SPM.  
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Figure 3. An optical soliton with a hyperbolic-secant envelope. 

If the properties of the pulse are just right, the instantaneous effects of SPM and 

anomalous dispersion cancel each other out completely, and the pulse remains unchirped and 

retains its initial width along the entire length of the fiber, we can form an optical soliton. 

The formation of solitons requires a careful balance among the properties of the pulse and 

the fiber. In addition, the pulse must be unchirped and have a hyperbolic-secant shape, as 

shown in Figure 3. If all of these qualifications are met, solitons may be successfully 

generated and propagated through a fiber. 

Theoretical and experimental results show that if the exact power and shape parameters 

are not met or satisfied, the interplay between dispersion and SPM can actually mold the 

pulse into a hyperbolic-secant shape with the appropriate peak power. Of course, the initial 

values must be close enough to the final soliton values in order for the soliton to form, and 

there are drawbacks when the input parameters vary substantially from the ideal soliton 

values. Namely, the dispersive effects will cause the pulse to lose some of its energy as it 

evolves into a soliton, and this energy loss can cause interference with neighboring pulses and 

therefore adversely affect the performance of a system. Soliton formation is much more 

sensitive to chirp in the initial pulse than it is to inaccurate pulse shape and power. Ideally, the 

input pulse should be completely unchirped, but soliton formation may still occur is there is a 

very small amount of initial chirp. Again, the interplay between dispersion and SPM will 

eventually remedy the pulse, but it may lose a large percentage of its energy as it evolves into 

an unchirped soliton. The generation of unchirped pulses close to a hyperbolic-secant shape 

requires careful attention to the design of the semiconductor laser at the fiber input. 

 

 

5. NONLINEAR SCHRÖDINGER EQUATION 
 

It has been well-known that soliton-type wave propagation is achieved by means of a 

counterbalance of the major constraints in the optical fibre, namely, the group velocity 

dispersion (GVD) and SPM. This type of soliton pulse propagation in fibers is governed by 

the well-known NLS equation [1] 

 
2

2

2
2 0

A A
i s A A

z t

 
  

 
, (1) 
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where A(z,t) is the slowly varying pulse envelope of electric field (of the electromagnetic 

wave) and i denotes imaginary. Considering homogeneous fiber core medium, equation (1) 

has widely been studied by numerous authors (e.g. [2-4]). However, in an actual fiber, the 

core medium is, in general, not uniform or homogeneous [5]. This inhomogeneity arises 

mainly due to imperfection or defects in fiber core medium and fluctuations in core/cladding 

radius. Therefore, the study of nonlinear wave propagation in inhomogeneous media is of 

great interest in the area of fiber optics communications.  

Recently, depending on the physical situations, several modifications to equation (1) has 

been suggested and the pulse propagation has been discussed (e.g. [3,6-10]). Of them, one of 

the important modifications, for example, was given by Flach and co-workers [9], who 

discussed resonant light scattering by solitary waves, by considering the process of light 

scattering by optical solitons in a planar waveguide with homogeneous and inhomogeneous 

refractive index cores. Considering certain inhomogeneous effect, nonlinear wave 

propagation in optical fiber has also been discussed in Ref. [10], where the author considered 

nonlinear compression of chirped solitary waves with and without phase modulation.  

In case of inhomogeneities in optical fiber or fiber medium, the NLS equation [11] can be 

written in the general form 

 
2

2 2

2
2

A A
i s A A t A igA

z t


 
   

 
 (2) 

 

where f(z,t) = (z) t
2
A(z,t) ± ig(z) A(z,t) is added in order to include the fiber power gain 

(g>0)/ loss (g<0) and phase modulation () are both functions of distance z.  is the 

coefficient of phase modulation. Since s = sign() = ±1 the solution of equation (2), either 

gain or loss case, depends on whether , the GVD parameter related to the frequency 

dependence of group velocity (vg) defined by  

 

 = /(1/ vg) ≈ (
3
/2c

2
)(

2
n/

2
), (3) 

 

is positive or negative. In all cases, the NLS equation can be solved by the inverse scattering 

transform method. The pulse-like solutions are found to occur only in the case of anomalous 

dispersion (< 0), and are called bright solitons. In the case of normal dispersion ( >0), the 

solitary wave solutions of equation (2) appear as a dip in a constant background, and are 

called dark solitons. Equation (2) contains arbitrary functions of z, so we need to identify the 

integrability condition of the equation through linear eigenvalue problem [12]. The Lax pair 

[2] assures the complete integrability condition of a nonlinear system of equations and is used 

to achieve N-soliton solutions by means of inverse scattering transformation technique [13].  

 

 

6. SOLITON SOLUTIONS, RESULTS AND DISCUSSION 
 

6.1. Bright Soliton 
 

6.1.1. Fiber Gain  

In case of fiber gain, the NLS equation (Eq. (2)) with phase modulation reduces to 
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To construct the Lax pair for equation (4), we conveniently introduce a variable 

transformation (For more information about Lax pair construction, see [2]): 
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The Lax pair associated with equation (4) is derived as  
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where Δ is the variable spectral parameter given by 
0

0
exp(2 )

z

gdz   
. Using the above variable 

transformation in equation (4), we obtain  
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The compatibility condition 
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By comparing equations (6) and (7), we find that equation (2) is completely integrable 

and it thus gives exact solutions, and the integrability condition is 
22( ) 0

dg
g

dz
  

. 

Now we introduce the Hirota derivative operators. A symbol Dx is called the Hirota 

derivative with respect to variable x and defined to act on a pair of functions f(x) and p(x) as 

follows:  

 

' '( ). ( ) ( ) ( ) ( ')x x x x xD f x p x f x p x    , 

 

where x  denotes partial derivative with respect to x. Hirota derivatives are bilinear 

operators. We define the bilinear operators for our system as  

 

' ' ' , '( , ). ( , ) ( ) ( ) ( , ) ( ', ')m n m n

z t x x t t x x t tD D b z t c z t b z t c z t        (8) 
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with the transformation in the form (for more information about Hirota‘s transformation, 

see [6]) 

 

b
a

c
 , (9) 

 

where b(z,t) and c(z,t) are complex and real functions respectively. Using the above 

transformation in equation (6), we obtain 

 
2( 2 2 )( . ) 0,z t tiD D igtD ig b c     2 2( . ) 2tD c c b . (10) 

 

Multi-soliton solutions can be obtained by the following perturbation expansions of b and 

c : 

 
3 5 7

1 3 5 7 ......b b b b b         (11) 

 
2 4 6

2 4 61 ......c c c c       , (12)  

 

where ζ is an expansion coefficient. For one-soliton solution (1SS) only the first term and the 

first two terms in equations (11) and (12) respectively are needed. As we want 1SS, we will 

consider here those terms only. Pluging 1b b  and 2

21c c   in equation (10) and 

collecting the terms (coefficients of  , 
2 , 

3 and 
4 ) with same power of  , we obtain: 

 
2

1

22

2 2 1

2

1 2

2

2 2

( 2 2 )( .1) 0

(1. .1) 2

( 2 2 )( . ) 0

( . ) 0

z t t

t

z t t

t

iD D igtD ig b

D c c b

iD D igtD ig b c

D c c

   


  


    


 

. (13) 

 

We solve the set of equations (13). In deriving the solutions for 1b  and 2c , we 

conveniently assume 
1b e   and 

*( )

2c e      , where *( )   is the complex conjugate 

of ( )  . After some algebra, equation (7) yields  

 

2( , ) 2 sec ( )a z t e h  , (14) 

 

where 2 2

1 1 2
0

2 { 2 ( ) }
z

i t dz        and 
2 1 2

0
2( 4 )

z

t dz      (Ω is an integration constant) 

with 
1 10

0
exp(2 )

z

gdz    and 
2 20

0
exp(2 )

z

gdz  
. Using variable transformation, defined earlier (a 

→ A), we get 

 
2 / 2

2( , ) 2 sec ( )igtA z t e h  . (15) 
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Figure 4. Amplitude profile of A(z,t) for the bright 1SS of equation (15).  

Equation (15) is the exact bright 1SS of equation (4), i.e. with fiber gain and phase 

modulation, which with parameter values 
20 10 / 2 1/ 2   , 0.2 /g z and Ω=0 is plotted in 

Figure 4. We thus have obtained the exact bright soliton solution (Eq. (15)) using Hirota 

transformation technique.  

Figure 4 shows that the pulse amplitude increases as z increases. This is due to the 

admittance of 
2 ( )z  in the amplitude (equation (15)), which shows that the soliton amplitude 

grows at the same rate as the respective power amplitude with the inclusion of phase 

modulation and gain. As a result of chirping, the pulse broadens as it propagates along the 

fiber. At each stage of propagation, the product of pulse width and pulse amplitude is found to 

be conserved for which the area, occupied by the pulse envelop, remains preserved with the 

inclusion of gain and phase modulation. This can be seen in Figure 4.  

 

6.1.2. Fiber Loss 

Now we consider Eq. (2) with phase modulation and fiber loss. Proceeding as before, it is 

found that equation below is integrable with condition 22( ) 0
dg

g
dz

   : 

 
2

2 2

2
2

A A
i A A t A igA

z t


 
   

 
 (16) 

 

The 1SS of equation (16) is obtained by choosing the variable transformation: 
2 / 2( , ) igtA a z t e . Following the same procedure, we derive the following soliton solution 

 
2 / 2

2( , ) 2 sec ( )igtA z t e h  , (17) 
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Figure 5. Amplitude profile of A(z,t) for the 1SS of equation (17). 

Thus we have obtained the exact bright 1SS for the wave propagation in the 

inhomogeneous optical fiber with phase modulation and fiber loss. Equation (17) is plotted (

20 10 / 2 1/ 2   , 0.1/g z  and Ω=0) in Figure 5. The same modulating term, as in equation 

(15) but with opposite sign, is also appeared in the amplitude of soliton solution with fiber 

loss, i.e. in the amplitude of equation (17), which shows that the amplitude decays at the same 

rate as the respective power amplitude. This effect can also be seen in Figure 5, where soliton 

amplitude decreases as z increases. As a result of chirping, the pulse broadens as it propagates 

along the fiber, and as a result of damping, the amplitude of the pulse reduces. The amplitude 

of the pulse is found to increase or decrease, depending on the sign of g(z) (gain/ loss), with 

the same amount of broadening in the pulse width during its propagation such that the area of 

the pulse remains constant. With the inclusion of phase modulation and fiber loss, Figure 5 

clearly depicts the damping effect in solitary pulse propagation in the fiber with an 

inhomogeneous core and/or inhomogeneous core/cladding radius. 

 

 

6.2. Dark Soliton 
 

6.2.1. Fiber Gain 

Dark solitons have recently been investigated because of their potential in applications, 

such as, in optical logic devices, wave guide optics as dynamic switches and junctions 

[14,15], and communication applications due to their inherent stability and less fiber loss [16] 

than that of bright soliton. Now, in this case (for  >0 and g>0), the NLS equation becomes 

 
2

2 2

2
2

A A
i A A t A igA

z t


 
   

 
. (18) 
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We make a variable transformation for Eq. (18) as  

 
2( , ) ( , )exp( / 2)A z t U z t igt . (19) 

 

Using the above variable transformation in Eq. (18) the resulting equation is 

 
2

22 2 2

2
2 2 2 ( ) 0

2

U dg U U U
i t U U igt igU g Ut

z dz t t


  
       

  
. (20) 

 

The Lax pair associated with Eq. (20) is derived as  

 

P
t


 


 Q

z


 


 

1 2( )T  , (21) 

 

where 

 

*

/ 2

/ 2

i iU
P

iU i

   
  

 

  

 

and  

 
*

2 *

2

* *
2*

2
/ 2 0

2 2
0 / 2

2

U
i U igtU

i igt iU t
Q i

i iU igt U
igtU i U

t

 
              

      
   

 

 

 

Here U
*
 is the complex conjugate of U and Δ is the variable spectral parameter given by 

0
0

exp(2 )
z

gdz    . The compatibility condition / / [ , ] 0P z Q t P Q       gives  

 
2

2

2
2 2 2

U U U
i U U igt igU

z t t

  
   

  
. (22) 

 

By comparing Eqs. (20) and (22), we find that equation (18) is completely integrable with 

the integrability condition 
2/ 2( ) 0dg dz g    and it thus gives exact solutions. 

We now define the bilinear operators for our system as  

 

' ' ' , '( , ). ( , ) ( ) ( ) ( , ) ( ', ')m n m n

z t x x t t x x t tD D b z t c z t b z t c z t        (23) 

 

with the transformation in the form  

 

b
U

c
 , (24) 
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where b(z,t) and c(z,t) are complex and real functions respectively. Using the above 

transformation in Eq. (22), we obtain 

 
2( 2 2 )( . ) 0,z t tiD D igtD ig f b c      

2 2( . ) 2tD c c b , (25) 

 

where f is an arbitrary function. Dark 1SS can be obtained by the following perturbation 

expansions of b and c : 

 

0 0 1b b b b   (26) 

 

11c c  , (27)  

 

where ζ is an expansion coefficient. Pluging 0 0 1b b b b   and 11c c   in Eq. (25) and 

collecting the coefficient of 
0 , we obtain  

 

2

0( 2 2 )( .1) 0z t tiD D igtD ig f b     , 
2

02f b . (28) 

 

Equations (28) are solved for f and the result gives 2

10
0

8 exp(4 )
z

f gdz  , where 

0 10
0

2 exp{ ( 2 ) }
z

b if g dz  . Making use of Eqs. (25)-(27) and then collecting the terms with 

the same power of  , i.e. the coefficients of   and 
2 , we obtain the following equations 

 
2

1 1

22

1 1 1 0

2

1 2

22

1 1 1 0

( 2 )( .1 1. ) 0

( )(1. .1) 4 0

( 2 )( . ) 0

( )(1. .1) 2 0

z t t

t

z t t

t

iD D igtD b c

D c c b b

iD D igtD b c

D c c b b





   


    


   


    

 (29) 

 

We solve the set of equations (29). In deriving the solutions for 1b  and 1c  from equation 

(29), we conveniently assume 1 14

1

t
b e

 
   and 1 1 0b c  , where δ1 is a constant. After 

some algebra, equation (22) yields  

 

1

1 1( , ) 2 tanhU z t e  , (30) 

 

where 2

1 1
0

(8 )
z

i dz     and 
1 1 11/ 2(4 )t     with 

1 10
0

exp(2 )
z

gdz   . Using variable 

transformation defined earlier (Eq. (19)), we get 

 
2

1 / 2

1 1( , ) 2 tanh
igtA z t e 

 . (31) 
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Figure 7. Amplitude profile of A(z,t) for the dark 1SS of equation (31). 

Equation (31) is the exact dark 1SS (of Eq. (18)) with fiber gain and phase modulation, 

which is plotted in Figure 7. As shown in the figure, the depth of the dark soliton increases as 

z increases while the width decreases. This is due to the admittance of the terms 1( )z  and 

>0 in the Eq. (31), where the soliton amplitude grows at the same rate as the respective 

power amplitude with the inclusion of phase modulation and gain. 

 

6.2.2. Fiber Loss 

Now we consider Eq. (18) with phase modulation and fiber loss (g<0) in the normal 

dispersive regime ( >0). Proceeding as before, it is found that the appropriate equation for 

the system below is integrable with condition 2/ 2( ) 0dg dz g   : 

 
2

2 2

2
2

A A
i A A t A igA

z t


 
   

 
. (32) 

 

The 1SS of Eq. (32) is obtained by choosing the variable transformation: 
2( , ) ( , )exp( / 2)A z t U z t igt  . Following the same procedure, we obtain  

 

2

2 2( , ) 2 tanhU z t e  , (33) 

 

where 2

2 2
0

(8 )
z

i dz    , 
2 2 22 t    , δ2 is a constant,

2 20
0

exp(2 )
z

gdz    and the 

eigenvalue problem associated with Eq. (32) is 

 

*

/ 2

/ 2

i iU
P

iU i

   
  

 

, 2

2

* *
2*

2
/ 2 0

0 / 2
2

U
i U igtU

i igt iU t
Q

i iU igt U
igtU i U

t

 
      

        
       

   
 

. 
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Figure 8. Amplitude profile of A(z,t) for the dark 1SS of equation (34). 

The dark soliton solution with fiber loss is then 

 
2

2 / 2)

2 2( , ) 2 tanh
igtA z t e 

 . (34) 

 

We thus have obtained the exact dark 1SS for the wave propagation in the 

inhomogeneous optical fiber with phase modulation and fiber loss. Equation (34) is plotted in 

Figure 8. The same modulating term, as in equation (31) but with opposite sign, is also 

appeared in the soliton solution with fiber loss, i.e. in the equation (34), where the depth of 

the soliton decreases as z increases while the width increase so that the amplitude decays at 

the same rate as the respective power amplitude. As a result of chirping, the pulse broadens as 

it propagates along the fiber, and as a result of damping, the amplitude or depth of the pulse 

reduces. The depth of the solitary pulse is found to increase or decrease, depending on the 

sign of g, i.e. on fiber gain or loss, with the same amount of broadening in the width during its 

propagation such that the product of the depth and width, i.e. the area remains constant. With 

the inclusion of phase modulation and fiber loss, Figure 8 clearly depicts the damping effect 

in solitary pulse propagation in a fiber with inhomogeneous core and/or inhomogeneous 

core/cladding radius. The results show that the area of the solitary pulse envelope for either 

gain or damping (loss) is preserved during propagation, as found for bright solitons in the 

anomalous dispersive regime shown earlier. The results are also consistent with those 

obtained in an earlier investigation [11].  

 

 

7. PROBLEMS IN SOLITONIC PROPAGATION 
 

Generating pulses with the appropriate parameters for soliton formation is just the first 

step in a successful soliton communication system: solitons must also be able to propagate 

through an optical fiber while maintaining these parameters. In particular, solitons must be 

able to retain their approximate peak power defined [4, 17] by 
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P = -/(to
2
), (35) 

 

where P is the peak power of the pulse,  is the dispersion parameter (a negative value since it 

is in the anomalous regime of the fiber),  is the nonlinear coefficient, and to is the half-width 

of the pulse at its 1/e (36.79%) intensity point. This, of course, means that fiber loss is a huge 

potential problem. Here,  = 2n2 /(Aeff), n2 is the nonlinear (refractive) index coefficient, a 

measure of the degree of fiber nonlinearity, and Aeff is the effective core area of the fiber [18, 

5]. 

Fiber loss occurs because the optical fiber is not 100% transparent. The pulse wavelength 

is chosen in order to minimize loss, but there is always some amount of absorption and 

scattering of the constituent photons. The result is a decrease in the power of the pulse, and if 

it is a soliton, the dispersion and SPM effects must broaden the pulse in order to maintain the 

correct relationship for peak power given above. Soliton broadening in soliton 

communication systems is harmful for the same reasons of pulse broadening due to chromatic 

dispersion is harmful in non-soliton systems. This problem may be addressed by periodically 

passing the solitons through optical amplifiers, which counteract fiber loss by increasing the 

power of the pulse. The most common type of optical amplifier is the erbium-doped fiber 

amplifier (EDFA), which amplifies the pulse through a process of stimulated emission similar 

to what occurs in a laser [1]. However, EDFAs and other amplifiers also introduce noise into 

the system via spontaneous emission, and this noise may perturb the system by interfering 

with the soliton signals and changing their parameters. Therefore, high-quality amplifier 

design is critical to the proper functioning of any soliton communication system. 

The bit-rate of a soliton communication system is limited not only by the modulation 

speed of the laser used to generate the solitons, but also by the interactions that may occur 

between two neighboring solitons if they are too close together [5]. These interactions, 

another result of fiber nonlinearity, may cause two adjacent solitons to periodically combine 

together and then separate from each other. If two neighboring solitons combine, they appear 

to the detector as just a single pulse; consequently, an error occurs. Soliton-soliton 

interactions may be minimized by ensuring that adjacent solitons are far enough apart that 

they do not interfere with each other. However, this may reduce the bit-rate of the system 

since it limits the number of solitons that may be transmitted in any given time interval. 

Solitons may encounter many other problems or perturbations as they propagate through an 

optical fiber due to inhomogeneities in fiber core medium and/or inhomogeneous 

core/cladding radius. 

 

 

CONCLUSION 
 

The more general case of inhomogeneities in fibers was taken in present study. The NLS 

equation including fiber loss or gain and phase modulation in both anomalous and normal 

dispersive regimes was considered. A general integrability condition was arrived and the 

modified NLS was bilinearized and solved using an advanced mathematical solution 

techniques, namely Lax pair construction and Hirota transformation, for all the cases. We 

finally constructed the bright and dark solitons with fiber loss/gain. The solutions obtained 

numerically and analytically explain how one can achieve the pulse compression keeping 
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solitonic property when it is transmitted through the fiber with the addition of fiber loss or 

gain and phase modulation. In both cases (bright and dark), the amplitude of the phase was 

found to decrease in an exponential manner for damping (loss) and to increase in an 

exponential way for gain with the pulse width broadening at each stage of propagation such 

that the area of the pulse envelope remained preserved. The results were discussed by 

highlighting present challenges in solitonic propagation in optical fiber communications.  
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ABSTRACT 
 

Wavelength division multiplexed passive optical networks (WDM PON) offer a 

promising solution for a variety of applications in Next Generation Access Network 

(NGAN). Up to now WDM PON technology has been unsatisfactorily obtained by either 

costly tuneable transmitters or by exploiting external seeding sources. The key to 

enabling cost-effective WDM PON architectures is the deployment of colourless Optical 

Network Unit (ONU) transmitters, so that generic self-tuning transmitters can be 

employed with an automatic and passive selection by the optical infrastructure of the 

wavelength for each user. The chapter presents FP7 European project ERMES approach 

to the provision of colourless ONU transmitters. The breakthrough idea is to use a 

significant portion of the network to implement an embedded, self-tuning and modulable 

laser cavity. This idea is based on establishing a very long cavity laser with facility for 

direct modulation. The goal is achieved by using a dedicated device whose constituents 

are: the gain chip at the ONU side to create the circulating laser field and to provide 

modulation functionality; at the remote node only a wavelength multiplexer/ 
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demultiplexer and a reflector is required; the distribution fibre connects the ONU to the 

RN. Once a steady-state circulating laser field is established, the active chip can be 

directly modulated enabling up-stream up to 10 Gb/s data-rate per user. The development 

of a device suitable for this application is the central goal of the ERMES project. The 

ERMES consortium comprises of leading industrial and academic partners with strong 

expertize in optical network construction, device fabrication, laboratory experimental 

trials and theoretical investigations. The intra-consortium collaboration allows for the 

swift development of such a transmitter. This solution is potentially a highly effective 

alternative to the existing approaches in terms of cost reduction as it is colourless and 

obviates the need for wavelength-specific external seeding sources. It is also appealing in 

terms of achievable performance, with operation to 10 Gb/s transmission and as there are 

no impairments from Rayleigh back-scattering, longer bridged distances are expected. In 

the proposed contribution the main applications of the ERMES project approach are 

initially reviewed together with the requested specifications from component vendors and 

network operators point of view. The principle of operation is explained and discussed in 

details with specific attention to issues arisen during the first year project. Experimental 

results are presented and commented with the help of the first modelling result. Finally 

the project future goals are illustrated. 

 

Keywords: WDM, PON, FTTH, Backhauling, last mile technologies, seeding, NGAN 

 

 

INTRODUCTION 
 

For the Next Generation Access Network (NGAN) wavelength division multiplexed 

passive optical networks (WDM PON) appear a promising and suitable solution offering 

almost unlimited bandwidth similarly to point-to-point links, while allowing the advantages 

of fibre sharing. It is widely recognized that WDM PON deployment requires colourless 

Optical Network Unit (ONU) transmitters, so that each user has the same transmitter. Up to 

now these characteristics has been unsatisfactorily obtained either with a costly tunable 

transmitter or by exploiting external seeding sources. This chapter proposes a disruptive 

approach to the ONU transmitter. The breakthrough idea is to use a significant portion of the 

network to implement an embedded self-tuning modulable laser cavity. 

This idea is based on establishing a very long cavity laser, which can be directly intensity 

modulated. The goal is achieved by using a dedicated multifunction active chip (MFAC), 

which acts as the gain medium of the cavity including: the array waveguide grating (AWG) 

and a reflector at the remote node (RN), and the distribution fibre connecting the ONU to the 

RN. After cavity set up, the active chip is directly modulated enabling up-stream up to 10 

Gb/s data-rate per user. The development of a MFAC suitable for this application is 

mandatory to bring this approach from the proof-of-principle stage closer to industrial 

exploitation. This solution is a potential highly effective alternative to the existing approaches 

in terms of cost reduction as it is colourless and gets rid of the need for external seeding 

sources. It is also appealing in terms of achievable performance, as it is not impaired by 

Rayleigh back-scattering, allowing for longer bridged distances. 

The success of these last-mile optical technologies will therefore enforce European 

industrial leadership in the access arena, whose development in terms of capillarity and 

bandwidth has major social and economical fallouts.  
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1. WDM PON AS A POSSIBLE SOLUTION FOR SPECIFIC 

NICHE APPLICATIONS  
 

Passive Optical Network (PON) is considered by all the actors, including regulation 

authorities and alternative operators, as the least expensive way to deploy FTTH access in the 

world for residential market. Present PON solutions are based on time division multiplexing 

& time division multiple access (TDM & TDMA) to achieve a point to multipoint 

connectivity. G-PON is the technology under deployment following by XG-PON1 and the 

wavelength stacking of TDM&TDMA PON (named NG-PON2 by FSAN group). 

WDM PON based on the definition of one wavelength per user, is not considered as a 

solution for this mass market. Several reasons could explain this choice but some could 

become the reason of his adoption by mobile application. We can list here the fact that 

wavelength per user achieve: a point to point connectivity, an independence of protocol and 

encapsulation to managed the connectivity and an already capable to achieve about 1Gbit/s 

and in the future 10Gbit/s per wavelength. 

We have now to understand why mobile application needs such fiber network. Radio 

access networks, GSM (900 MHz, then 1800 MHz) then 3G (2.1 GHz) and LTE (2.5 GHz 

and 3.5 GHz) use higher frequency bands with higher propagation attenuations which leads to 

smaller cell sizes and higher sites density. Another reason for sites densification is obviously 

the increasing traffic demand especially in urban areas. Hence, an increasing number of sites 

must be acquired or leased by the operator. This results in higher acquisition or rental and 

maintenance costs. Base station hotelling could be a solution that reduces these costs and 

enables evolved radio resource management techniques. If the "traditional" base station is 

located near a tower antenna, in an enclosure (or cabinet) at the base of the tower; the 

enclosure contains baseband processing, the radio part (power amplifier, frequency 

conversion, AD/DA converters), network interface and power supply, including backup 

power source. The electrical cable between the antenna and the base station is lossy, a power 

amplifier is then installed next to the antenna, to compensate this loss. 

Thanks to the recent progress in SDR technology area, it is possible to separate analog 

and digital processing parts of a base station. The analog processing is performed in the 

Remote Radio Head (RRH) located near the antenna. The baseband digital processing is 

performed in the Base Band Unit (BBU). These two units form the "distributed base station". 

Base station hotelling is the step further. It consists in co-locating many BBUs of different 

base stations in the same "Base Station Hotel". An emerging strategy to enable cost-effective 

mobile-coverage improvements is the distributed base station architecture, often referred to as 

the cloud RAN or C-RAN. Lower-cost, lower-power RRHs can be more easily and 

pervasively deployed closer to subscribers while the more complex and costly component, the 

BBU, can be centralized in a data center or base station hotel similar to a cloud computing 

model. The cloud RAN provides a number of benefits including improved performance, more 

efficient use of capital and human resources, and energy efficiency. 

Going back to our fiber network consideration, these BBUs are connected to the 

corresponding RRH with optical fiber. Cloud RAN (including BBU pooling & hostelling) 

creates new fiber network requirements to achieve the FTTA (Fiber To The Antenna). This 

link between BBU and RRH is also called ―fronthaul‖ in analogy with the standard backhaul 

of mobile network which correspond to the transport of the aggregated traffic and 
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synchronisation signal. Two standards (Open Base Station Architecture Initiative, OBSAI, 

and Common Public Radio Interface, CPRI) exist to define the fronthaul interface. CPRI and 

OBSAI share a number of similarities but CPRI has penetrated the market much more quickly 

thanks to its more narrow focus (CPRI defines only the interface between RRH and BBU 

whether OBSAI aims at standardising the whole base station architecture) that leaves more 

room for flexibility and makes it less complex. Moreover, standardization activities are 

ongoing for multivendor interoperability in the Open Radio Interface (ORI) working group at 

ETSI, based on CPRI specifications. CPRI line rates go from 614.4 up to 9830 Mbit/s as a 

result of the digitisation of the radio signal. As an example, for a 20MHz 2x2 MIMO LTE 

signal, the corresponding CPRI line rate is 2457 Mbit/s for uplink and downlink. Several 

vendors are working towards CPRI line rate compression of a factor 3. CPRI and OBSAI 

support single mode (SMF) and multimode fibres (MMF) with maximum fibre length up to 

40km for SMF. The use of transceivers based on Small Form-factor Pluggable (SFP) give a 

high flexibility. Indeed, SFPs are very low cost and are available at different wavelengths 

(WDM). The easiest way is then to dedicate a point to point fibre link, but infrastructure 

mutualisation has to be considered. Due to the fact that for one antenna site, one CPRI link is 

requested per sector (typically three sectors per antenna), per carriers, per mobile generation 

system. Multiplexing several CPRIs inside one fiber link could have an economical interest. 

WDM appear as a candidate multiplexing technology. When you add that CPRI has some 

stringent requirements such as a low latency (typically round trip times for this segment 

below 400μs (equivalent to 40km reach) for long term evolution-advanced (LTE-A) and 

700μs for LTE), symmetrical bit rates ranging from 0.6 to 10Gbit/s for up- and down-stream, 

and strong requirement on jitter, time delay calibration concerning synchronisation, the WDM 

PON become an interesting solution. The fact that WDM PON could do the connectivity 

without any encapsulation method (CPRI untouched) is also a promising property for front-

haul network. 

 

 

2. SPECIFICATION FOR SUCH APPLICATION BY VENDORS  
 

The pace of fiber network rollouts around the world continues to accelerate. In 2009, 

there were roughly 20,000 new users connected daily to fiber-based passive optical networks 

(PON) worldwide; this number will increase by 70 percent in 2010. Governments are making 

huge investments in fiber initiatives, yet no one can say definitively how all this fiber will be 

used in the future. In the same way electrical plants were built 70 years ago with enough 

capacity to support appliances that nobody could have dreamed of back then, today‘s 

broadband rollout is laying the foundation for a whole new kind of digital life. Are today‘s 

fiber networks future poof? How long will we be able to continue to rely on them? How much 

of a network operator‘s investment can be protected over the longer term? The technology 

innovation looks at the possibilities beyond current-generation PON – and at what operators 

must do to protect legacy investments while ensuring their networks‘ readiness for future 

evolution.  

Globally, fiber optic rollouts show no sign of slowing down, although the ‗growth 

profile‘ varies from country to country, beginning with operators‘ choice of technology. In 

Asia, EPON (Ethernet PON) dominates, with Japan and South Korea as the pioneers and 
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China joining more recently with a mix of EPON and GPON (gigabit PON) deployments. 

GPON remains the first choice in North America, with a small percentage of point-to-point 

(P2P) optical deployments driven by municipalities and developers. Europe has a mix of P2P 

and GPON deployments, the latter being the preferred choice of carriers. 

Although current technologies such as GPON will easily meet the mid-term needs of 40 

to 60 Mb/s per user, over the longer term they will struggle to answer the requirements of 

HDTV, 3DTV, multiple image and angle video services, growth in unicast video (versus 

broadcast), cloud computing, telepresence, multiplayer video gaming and more. Looking into 

that farther future, operators need to consider today which optical networking platform will 

allow them to evolve and adapt most cost-effectively and intelligently as conditions change.  

 

 

Technology Snapshots 
 

EPON 

Mass deployments of EPON began in 2004 and today serve more than 30 million 

subscribers. Of the two PON architectures, the existing version of EPON is most hampered 

by its capacity, supporting just 1 Gb/s for both uplink and downlink. This is becoming 

insufficient for the demands of today‘s IP multimedia services. Recognizing that an update 

was long overdue, IEEE ratified a new standard for 10G EPON in 2009, with higher-

bandwidth products set to ship in the second half of 2010. 

 

GPON 

GPON is slightly younger than EPON, with mass rollout starting in 2006. Offering 2.5 

Gb/s downlink and 1.25 Gb/s uplink, it does not face the same immediate capacity concerns 

as EPON. New standards for 10G GPON — also referred to as ‗NG-PON‘ or ‗10G-PON‘ for 

its 10 Gb/s downlink speed — are expected to be ratified in 2010, with initial deployments 

coming in 2011–12. 

 

 

What is Next-generation PON? 
 

Operators and equipment vendors are actively collaborating to create the next generation 

of optical technology. Most research and development has focused on developing and 

commercializing 10G EPON and 10G GPON, with the goal in both cases being to increase 

bandwidth without disrupting services or affecting the outside plant. Aware of EPON‘s 

limitations, IEEE began working on a 10G EPON white paper in 2007 and ratified the new 

standard in 2009. IEEE envisioned two tracks for the new standard: one asymmetrical, with 

10G downstream and 1G upstream; the other symmetrical at 10G in both directions. 

ITU/FSAN has taken a slightly different approach to GPON. The FSAN next-generation 

technology roadmap extends beyond 2015 and identifies two distinct waves. The first, known 

as NG-PON1, is underway today. It proposes both asymmetrical and symmetrical options: the 

asymmetrical providing 10G downstream and 2.5G upstream (XG-PON1) and the 

symmetrical delivering 10G in both (XG-PON2). Next-generation GPON‘s higher upstream 
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bandwidth compared to EPON) is driven by emerging new services that require greater 

upstream capacity, such as cloud computing and video sharing. 

The second wave, NG-PON2, is expected around 2015 and accounts for technologies 

such as DWDM and OFDM that will enable even higher bandwidth capabilities. Unlike NG-

PON1 — which preserves the existing outside plant — NG-PON2 will likely require changes 

in the fiber plant. 

 

 

New Generation PON Requirements 
 

Capacity may be the most conspicuous driver of the shift to next-generation PON, but it‘s 

not the only one. Increased reach and split, greater resiliency, improved power consumption 

and enhanced optical troubleshooting are also among the benefits service providers are 

seeking from migration. Looking beyond the next decade, even greater network speeds will 

be required. Given that GPON is more widely distributed than EPON, this next section looks 

at possible developments post-10G. GPON. Preliminary work is underway to determine how 

speeds of 40 Gbit/s and even 100 Gbit/s could be achieved. 

 

TDM PON 

The TDM PON architecture is very similar to existing GPON systems, with the 

electronics and optics being much faster. Although this is conceptually simple technology and 

it allows reuse of the existing fiber plant, the cost of developing and manufacturing optics to 

support these data rates would be high. Additionally, basic limitations of the fiber start to 

come into play through factors such as chromatic dispersion — making pure TDM an 

unlikely approach.  

 

WDM PON 

WDM PON is one of the most intriguing potential technologies of the future, combining 

the best of P2P and PON by creating a logical point-to-point with end users — with no 

bandwidth limitation — while preserving the economical advantages of PON. In WDM PON, 

one wavelength is assigned per customer, enabling very high-speed transport. There are, 

however, challenges. First, it seems likely that the most expensive form of WDM, DWDM, 

would be needed. Second, ensuring wavelength stability at the user end under extreme 

temperature conditions would be far from easy. Filtering requirements at the user end would 

also be complex, and upgrades and changes would be more difficult. It is expected that color-

specific ONTs would likely be needed when using DWDM PON; however, there is no clear 

best solution to this problem at the present. 

 

 

Dense Self-Seeding WDM-PON Technique (DSS WDM-PON)  
 

A self-seeding DWDM-PON technique can be used in some Optical Distribution 

Network (ODN) scenarios (pure WDM-PON and overlay with TDM-PON) with the aim to 

evaluate pros and cons in the context of mobile backhaul and fixed network applications. Low 

cost, colourless, uncooled, up to 10G scalable baud-rate and photonic/electronic integration 
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technologies are presented to build converged networks leveraging on centralized wireless 

resource pooling. 

The basic configuration of a Dense Self-Seeding WDM-PON (pure DSS WDM-PON) 

architecture is shown in Figure 1. Fundamentally the architecture uses Wavelength Division 

Multiplexing to provide point to point logical links over a bidirectional point to multipoint 

physical infrastructure. These links are merged in the OLT and fanned out at the RN location 

via Mux/Demux functions. The feeder fiber, the RN Mux/Demux and the distribution fibers 

constitute the passive bidirectional ODN of the access network.  

 

 

Figure1. Self-seeding based architecture. 

The self-seeding technique applies between the ONU/ONT transceiver and related 

DWDM Mux/Demux filter plus mirror, where there is an unconventional external long cavity 

instead of a traditional integrated cavity inside the transceiver source. The coloured reflection 

from the RN allows the ONU/ONT to tune itself without the need for other complex tuning 

components. The self-seeding concept and performances (power budget, reach, transport 

capacity, etc.) will be described in the following chapters. For those analysis will be assumed 

a symmetric architecture, with ONU/ONT and OLT ERMES transmitters technology as a 

particular case of a more general system development. The proposed wavelength plan uses 

the S to L band and aims to coexist with other TDM-PON platforms and video technologies 

(GPON, XG-PON, RF-VIDEO, etc.). Further wavelength plans in other bands will be 

analysed in the future if there will be request of applications. 

Self-seeding DWDM-PON addresses main NGPON2 requirements such as bandwidth, 

transport capacity and related symmetry, link security, CO consolidation, versatile 

ONU/ONT. It is important to consider the roadmap of fixed and mobile services 

requirements. At this time, 1G25 and 2.5G symmetrical bandwidth per user seems to be 

enough for a 2015 converged NGPON2 requirements (residential services). However 10G 

could be required in the same time period for future mobile backhauling of CPRI like based 

BBU hoteling and pooling or further business applications. 10G DSS WDM PON evolution 

and specification for 10G ERMES transmitter will be the objective of future elaborations 

along the ERMES project roadmap. 

Beyond these basic architectures, other variants can be conceived. For example we can 

build a two stage mux/demux function at CO or RN side to provide access to several 

operators with assigned sub-bands on the common fiber plant. To take care of this open 

access ODN we may need to consider some extra optical budget with respect the basic single-

stage mux/demux option described here below. The power budget margin evaluation will help 

to understand the effects of some extra insertion loss due to different ODN configurations in 

field (e.g., different amount of connectors, protections and fiber cabling to reach the 

ONU/ONT). 
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Characterization of the ODN, Split Ratios, Reach and Differential Reach  
 

As a reference for next performance discussions we assume to start with a pure DSS 

WDM-PON architecture (Option A1a) able to manage 64/80 x 1G25 bidirectional channels at 

50 GHz in C/L bands. Options with 32/40 bidirectional chs, 128/160 bchs and 2G5 bit-rate 

per channel will be considered to provide more data about this DSS WDM-PON 

performances. 

Target reach and target differential reach is 40km. Main wavelength plan is settled in 

C+L band with some options for S band. 40km reach will be a benchmark to understand 

performances and margins with respect other applications. 

ONU architecture to meet the basic requirements.  

The DSS WDM-PON ONU transmitter consists of a portion of the network itself. The 

self-tuning laser cavity includes the RSOA active chip in the ONU whose reflective end is 

one of the cavity mirrors, the distribution fiber, the remote node (RN) array wave-guide 

(AWG) which acts as the self-tuning element and a passive reflector/mirror (or faraday 

Rotator Mirror) also placed at the RN. The key element of this approach is an RSOA which 

has a triple role, as clarified in Figure 2: 

 

 it sustains cavity lasing as the gain element, i.e., it overcomes the overall cavity 

losses 

 it is the modulating element, through the active chip driving current 

 it allows modulation cancellation avoiding its recirculation inside the cavity through 

the self-gain modulation mechanism, which cancels the recirculating residual 

modulation reflected back to the active chip allowing new signal modulation. 

 

 

Figure 2. RSOA. 

The effectiveness of the self-seeding approach is that it obviates the need for otherwise 

complex components such as tunable lasers or centralized seeding sources (with associated 

Rayleigh backscattering impairments which limit reach and bit rate).  
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ERMES Transmitter Project Specifications in the Range from 1G25 to 2G5 
 

Following the power budget/reach analysis it is possible to define some basic 

specifications of the ERMES transmitter at R/S (or S/R) interface to cope with the general 

requirements for residential (NGPON2) and Business & Backhauling applications in the 

range from 1G25 to 2G5 bit-rate.  

The following specifications are defined as transmitter benchmark in the range from 

1G25 to 2G5 to support several protocols and related applications (Ethernet, CPRI, FC, SDH, 

OTH protocols list tbd). The transmitter benchmark for applications in the range from 2G5 to 

10G will be defined after the first ERMES project results with the lower bit-rate range (1G25 

÷ 2G5). Final applications (power budget and reach classification vs ODN architectures) and 

compatibility with the overall range of protocols and bit-rates (e.g., from 1G25 to 10G) will 

be envisaged during the phases of the ERMES project as guidelines for possible parallel 

standardization activities.  

 

Proposal of Product Specifications 

 

 L band for downstream and C band for upstream (final wavelength range will be 

defined following standard activities) 

 100 GHz grid (possible evolution to 50 GHz) 

 40 bidirectional channels (possible evolution to 80 bidir chs) 

 EOL PTXmin = +4 dBm 

 Sensitivity SRXmin = -30 dBm with Standard RS FEC (1E-4 BER) at 1G25 and 

Standard RS FEC plus electronic compensation technology (tba) at 2G5 bitrate 

 Max Cavity length (SMF) = 5 km (tbc from operator)  

 Fiber attenuation (with splices, repair margin) = 0.375 dB/km (tbc from operator)  

 Max AWG + FRM insertion loss = 8 dB (9dB if 50GHz / 80chs) 

 Max ONU/ONT side distribution cabling insertion loss = 1dB (tbc from operator) 

 Max OLT side distribution cabling insertion loss = 1dB (tbc from operator) 

 

 

3. PRINCIPLE OF OPERATION 
 

It is widely recognized that WDM PON deployment requires colourless Optical Network 

Unit (ONU) transmitters, so that each user has the same transmitter. Up to now these 

characteristics has been unsatisfactorily obtained either with a costly tunable transmitter, 

which may require wavelength setting algorithm, or by exploiting external seeding sources. 

By FP7 European Project ERMES a disruptive approach to the ONU transmitter is 

proposed. The breakthrough idea is to use a significant portion of the network to implement 

an embedded self-tuning modulable laser cavity. 

This idea is based on establishing a very long cavity laser, which can be directly intensity 

modulated. The goal is achieved by using a dedicated multifunction active chip (MFAC), 

which acts as the gain medium of the cavity including: the array waveguide grating (AWG) 

and a reflector at the remote node (RN), and the distribution fibre connecting the ONU to the 

RN. After cavity set up, the active chip is directly modulated enabling up-stream up to 10 
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Gb/s data-rate per user. The development of a MFAC suitable for this application is 

mandatory to bring ERMES approach from the proof-of-principle stage closer to industrial 

exploitation. 

This solution is a potential highly effective alternative to the existing approaches in terms 

of cost reduction as it is colourless and gets rid of the need for external seeding sources. It is 

also appealing in terms of achievable performance, as it is not impaired by Rayleigh back-

scattering, allowing for longer bridged distances. 

ERMES ONU transmitter physically coincides with a portion of the network itself. The 

transmitter in fact relies on a laser cavity, which is essentially constituted by an RSOA active 

chip, placed at the ONU, whose reflective end is one of the cavity mirrors, the distribution 

fibre, which connects the ONU and the remote node (RN), the RN array wave-guide (AWG) 

multiplexer and a passive reflector also placed at the RN. The AWG represents the cavity 

wavelength selective element and every cavity associated to the single AWG channel will 

emit on that channel, self-tuning itself and thus achieving a colorless transmitter. The RSOA 

is the cavity active element and it sustains the cavity lasing overcoming the overall cavity 

losses. The RSOA is also the modulating element, through direct modulation of the active 

chip current. Finally as for the cavity presence part of the modulated output signal travels 

through the RN back to the ONU, the RSOA allows recirculating modulation cancellation 

through the self-gain modulation mechanism, supporting new signal modulation. To sustain 

this triple role the active device for the embedded self-tuning cavity must show a high gain to 

overcome the network embedded cavity losses, in deep saturation conditions, which are 

necessary for recirculating modulation bleaching and to show an electro-optical transfer 

function fitting the desired data rate. 

A major issue with RSOA self-seeded architecture is the polarization evolution within the 

optical circuit [1], which is established between the optical reflector at the remote node (RN) 

and the mirror at the reflective semiconductor optical amplifier, placed at the optical network 

unit (ONU). The distribution fiber, which connects the ONU and the RN WDM multiplexer, 

namely an arrayed waveguide grating (AWG), can present lengths from a hundred of meters 

to a few kilometers. The unavoidable birefringence of the fiber modifies in an unpredictable 

manner the state of polarization (SOP) of the signal returning to the RSOA after the remote 

mirror reflection and the transit into the AWG.  

The problem has been solved for low polarization dependent gain (PDG) RSOA [2, 7] 

exploiting the properties of the Faraday rotator mirror, known as the universal time-reversal 

operator, which ensures that the SOP of the signal re-injected in the RSOA is orthogonally 

aligned to the signal at the RSOA output. 1.25 Gb/s operation of a 32 channels WDM PON 

exploiting self-seeded transmitters has been demonstrated for low-PDG RSOA [7]. 

To allow the exploitation of high PDG RSOAs the addition of two simple elements is 

crucial: a Faraday rotator (FR), located in close proximity to the RSOA output, and a Faraday 

mirror, shared by all the ONUs and placed at the RN close to the AWG. 

The key point of this analysis is the model of the RSOA from the SOP point of view, 

while the other circuit elements already own a consolidate Jones representation [9]. The 

RSOA acts both as SOP Generator, when launching the modulated signal into the cavity, and 

as SOP Analyzer, when intercepting the returning light from the cavity in order to saturate it. 

As the two functions are on first approximation dependent on the RSOA PDG, they can be 

both modeled with the same polarization operator, that is with a non-ideal generator of 

elliptical SOP, or dichroic elliptical analyzer (DEA) for the SOA, followed by the mirror 
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operator (M). The diagonal coefficients of the DEA operator, px and py, are linked to the SOA 

gains, GTE and GTM, along the two main Cartesian directions, being TE (TM) parallel 

(orthogonal) to the epitaxial growth, where Gi=exp(Γigil), Γ is the confinement factor, g the 

material gain and l the active region length [4]. Without any loss of generality, in a principal 

reference system oriented as the RSOA axes, the SOA operator is: 

 



DEA
SOA


1

GTE GTM

px 0

0 py











  (1) 

 

where 



px
2
GTE , 



py
2
GTM . Although in principle all the coefficients in (1) are time-

dependent on the bit time scale, as far as the SOP evolution is concerned, their average values 

are to be considered over the characteristic times of the birefringence phenomena, which are 

thermally and mechanically driven. 

The generic STCT circuit (Figure3a) can be schematized in terms of polarization 

evolution by the SOP equivalent circuit shown in Figure 4a: both the rear mirror at the RSOA 

and the remote mirror at the AWG are represented by the ideal mirror operator M [9]; all the 

fibers in the circuit are represented by an equivalent generic retarder wave-plate (RWP), that 

is a linearly birefringent waveplate with retardation Δ degrees, with its fast axis making an 

angle θ degrees with the x-axis of the chosen reference system. The AWG is also represented 

by a generic RWP and the RSOA operator is represented by the DEA operator described by 

(1). Exploiting the multiplicative properties of the Jones Matrix, this equivalent circuit 

reduces to the more compact form presented in Figure 4b.  

The SOP evolution can be followed during its journey through the Poincaré sphere 

representation in Figure5. In the first circuit, Figure 5a, for high PDG RSOA, we can assume, 

without loss of generality, that the DEA produces a horizontal SOP, |H>, which is modified 

by the RWP in a generic SOP, |G>. The mirror transforms |G> into |G′>, which retraces the 

circuit and enters the DEA with a generic SOP |G′′>, which will not coincide with |H>, so 

that: 
 



I  H G' ' 1 (2) 
 

thus the round-trip gain may drop, inhibiting the laser action. 

 

 

Figure 3. Retracing circuits. 
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Figure 4. Equivalent circuit for the topology with remote standard mirror (a) and simplified circuit (b). 

In Figure 3b (STCT circuit with remote Faraday Rotator Mirror) topology [2] a FRM 

substitutes the mirror. The equivalent circuit is shown in Figure 5b. Under the assumption of 

high PDG RSOA, again the DEA output SOP can be assumed |H, which is transformed by 

the RWP in the generic |G, which after the FRM is transformed into the orthogonal state 

|OG and reenters the DEA with state |V, independently of the nature of the RWP. In this 

case: 

 



I  H G' '  0 (3) 

 

The signal SOP returning to the RSOA is stably re-traced, but orthogonally to the RSOA 

high gain transverse mode, causing the round-trip gain to drop well below the cavity losses 

and preventing lasing. 

Finally the Figure3c-topology (STCT circuit with remote Faraday Rotator Mirror and 

Faraday Rotator at the RSOA) equivalent circuit is presented in Figure 5c, where a 45° 

Faraday Rotator is also inserted. Again for high PDG RSOA, the output SOP is assumed |H 

and is transformed by the FR into the state |R, which is then transformed by RWP operator, 

  

  



W(,

), into a generic |G SOP. After the FRM, |G is transformed into the orthogonal state 

|OG and returns to the FR with orthogonal SOP |L, which is transformed by the FR into |H, 

so that: 

 



I  H G' ' 1 (4) 

 

Using the Jones matrix formalism the generic returning SOP 



G' '  can be expressed as the 

product of the launched SOP and the journey matrix J, which gives the retracing circuit action 

on the input SOP. J for Figure3c scheme is: 

 



J  FR 45 W , FRM W , FR 45  (5) 

 

where 



FR 45   and 



FRM  are the Faraday Rotator and Faraday Rotator mirror operator 

respectively. By using in (5) the properties of 



FRM  and the definition of 



FR 45  [7], it is 

found that J is the identity matrix: 
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2 2 2 2

 2 2 2 2
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1 0
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 (6) 

 

confirming (4) result. 

 

 

Figure 5. Equivalent circuits and SOP evolution on the Poincaré sphere representation for the retracing 

circuits presented in Figure1. 
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4. KEY DEVICE 
 

Until recently, large gain RSOAs were made with bulk material to achieve polarization 

insensitivity of the gain. 

However, polarization independence is no longer an issue to design the RSOA for self-

seeding transmitters. Indeed, a new topology exploiting two Faraday rotators has been 

proposed to achieve polarization stabilization in the cavity [10], and at last OFC conference it 

has been demonstrated that the use of two Faraday rotators allows for a FP-based stable self-

tuning cavity even with single-polarization gain sections [11]. As a result, we have decided to 

use compressively strained Multi Quantum Wells (MQW) instead of tensile strained bulk 

material. Similarly to the case of lasers where compressive strain improves the performances 

[12], we believe RSOA will also benefit from the large shift between hole bands, in order to 

reduce carrier density for a given gain. Single polarization also provides more degrees of 

freedom for designing the active section, aiming at either larger saturation power, smaller 

Noise Factor, or better temperature stability of the gain. 

We have fabricated RSOA with the so-called Buried Ridge Stripe (BRS) process, where 

the active layers are etched and buried with p-doped InP, and current localization is obtained 

with proton implantation, as shown on Figure 6. Efficient fibre coupling and low reflectivity 

[9] is obtained by transferring the optical mode to a passive waveguide in order to increase its 

size. 

 

 

Figure 6. SEM image of the cross-section of a BRS RSOA. 

In order to study the influence of the active structure on the modulation speed of RSOA, 

we have measured eye-diagrams of various RSOA having similar gain values (25 to 30 dB), 

made either with Quantum dashes, with MQW, or with bulk material having an optical 

confinement of 20% or 80 %. Results are displayed in Figure 7. 
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Figure 7. 2.5, 5 and 10 Gb/s eye diagrams (pure ASE modulation) of QD, MQW, or bulk (with an 

optical confinement of 20% or 80%)-RSOA. 

The fastest devices are either made with MQW or with 20% bulk. 

Another important feature of RSOA for the self-seeding cavity is the data cancellation, 

which is based on gain compression. To operate at large bit-rates and with low input powers, 

the gain should be as large as possible, and most importantly, the O/O modulation speed 

should be very large. Based on previous studies, we can deduce from these requirements that 

we should use very large optical confinements. To confirm this, we have studied the 

cancellation efficiency of various structures. Increasing the optical confinement drastically 

improves the efficiency and the speed of data cancellation. Figure 8 shows the static and 

dynamic transfer function of a bulk RSOA having an optical confinement of 80%. The input 

signal has an extinction ratio of 5 dB. 

 

 

Figure 8. Transfer function and corresponding eye diagrams at 5 Gbit/s of a bulk RSOA with an optical 

confinement of 80%. Data cancellation is fast and efficient for an input power above -10 dBm. 
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Data cancellation with MQW RSOA is inherently less efficient because of a lower optical 

confinement. However, since large confinement bulk RSOA are slow modulators, we have 

chosen MQW RSOA with an optical confinement above 10 % as the ideal candidate for self-

seeding transmitters. The lack of confinement is partially compensated by using 1 mm long 

devices. 

The use of MQW also improves the performances at high temperature. We have put a 

MQW-based RSOA in a self-seeded cavity, and with an appropriate detuning between the 

gain peak and the AWG port, we have obtained uncooled operation from 20°C to 70 °C. 

Results are displayed in Figure 9. 

 

 

Figure 9. L(I) curves from 20 to 70 °C of a self-seeded cavity with a MQW-based RSOA, at 1.55 µm. 

The gain peak of the RSOA is 1520 nm at 20 °C. 

Based on these studies, we have used specially designed MQW RSOA as the gain 

element for the self-seeded cavity, in order to obtain the best compromise between data 

modulation and data cancellation. 

 

 

5. FIRST YEAR EXPERIMENTAL RESULTS 
 

We will now present the first year experimental results evaluated in Orange labs and in 

Politecnico di Milano laboratories. First section will presents results achieved with low 

polarisation dependent gain (PDG) RSOA with a configuration exploiting a remote standard 

mirror (SM). The first experimental results up to 10 Gb/s obtained with a low-PDG RSOA 

and a standard mirror will be presented in detail in the first section. In the second section 

results achieved again with a low PDG RSOA exploiting also a remote Faraday mirror (FM) 

are presented for 32 channels at 1.25 Gb/s. Impact of very low PDG is also highlighted by the 

experimental results. Then we evaluated a first self-seeded WDM-PON prototype in order to 

compare the performances with the results obtained with RSOA chips specially developed for 

ERMES project. Moreover, this prototype shows the possibility to realize a symmetrical 
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architecture using a self-seeded RSOA at each side of the network: OLT and ONU. This first 

prototype also permits to evaluate the availability of such a technology for the purpose of 

mobile front-haul backhauling. In the third section, we will present the evaluation results with 

the ERMES high-PDG RSOA chips. 

 

 

5.1. Low-PDG RSOA with Standard Mirror 
 

Figure 10 depicts the upstream transmission experimental set-up with a self-seeded ONU. 

The ONU contains only the RSOA which is directly modulated with a pulse pattern generator 

(PPG). The RSOA that we used has a low PDG of 2-3 dB. The laser cavity consists of the 

reflective facet of RSOA and an 80% reflective SM, which is connected to the AWG via a 

30/70 splitter at the RN (see figure 10 represented in red). Here the AWG acts as wavelength 

multiplexer and demultiplexer and the self-tuning element. Thus, the ONU operating 

wavelength is chosen by the AWG channel. In these experiments two different 8-channels 

flat-top AWGs operating in the C band have been used for different modulation operation 

lower than 2.5 Gb/s and higher than 5 Gb/s. The first device is dense wavelength division 

multiplexing (DWDM) device with 100-GHz bandwidth at -3 dB for the 200-GHz grid with 

an insertion loss (IL) of 1.7 dB. The second one has a bandwidth of 200 GHz at -3 dB and a 

slightly lower IL of 1.3 dB. The total length of the cavity varies from few meters to 5 km. 

Also, 2 dB of extra losses are added inside the cavity to account for last distribution fiber 

connection losses. At the OLT, transmitted signals are received after several kilometres of 

feeder fiber by an avalanche photo-diode (APD) and a clock and data recovery (CDR). An 

error free transmission is considered for bit error ratio (BER) lower than 10-3 when a forward 

error code (FEC) is used.  

 

 

Figure 10. Experimental set up for BER measurement. 

Several characteristics are evaluated in terms of spectrum with and without the mirror 

(SLED-MUX100GHz), relative intensity noise (RIN) and chirp parameter. 

Figure 11 shows ASE slicing spectrum of RSOA and laser spectrum of RSOA-mirror. 

The laser emission wavelength is centered at 1554 nm. 30-dB gain is obtained in laser mode 

compared to slicing spectrum of RSOA (that is the SM is removed). The side mode 

suppression ratio (SMSR) of the laser is lower than 30 dB, which means that the laser 

obtained is multimode. In order to better understand the spectrum characteristics in particular 

the laser mode numbers, we measured laser spectrum with a high resolution (0.05 pm) optical 

spectrum analyzer with high dynamic range BOSA-C. The results show that laser is 

multimode and unstable, the mode numbers is very high as shown in the figure 13 and 14. 
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Figure 12 represents ASE power of RSOA versus bias current, laser power versus bias 

current, and power of sliced spectrum after the AWG filter.  

 

 

Figure 11. ASE spectrum of RSOA and ECL static response. 

 

 

Figure 12. Laser power versus bias current. 
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Figure 13. Laser spectrum with filter bandwidth of 1.6nm measured with BOSA. 

 

Figure 14. Zoom of laser spectrum. 

 

 

Figure 15. RIN versus frequency span for different biased currents. 
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Figure 16. Mean RIN value versus biased current for different cavity length. 

For a 1-km long cavity self-tuning laser, a high RIN level is measured at low frequency 

and can be optimized from -85dBc/Hz to around -115dBc/Hz by increasing the biased current 

of RSOA (see in Figure 15). A higher RIN level is observed when the cavity length is 

increased up to 5 km for the same biased current (see in Figure 16).  

 

 

Figure 17. Experimental setup for measuring frequency response. 

 

Figure 18. AM frequency response through 90km of SMF, measured in blue, model according to 

Devaux in red. 
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Figure 17 shows experimental setup for measuring frequency response. An optical 

amplifier of type EDFA is used to realize a long reach transmission in fiber up to 90 km. 

Output power of the EDFA is fixed at 10dBm. 

The chirp parameter is then measured applying the fiber transfer function method 

originally proposed by F. Devaux in [10]. Figure 18 shows the measured AM frequency 

response through 90 km of SMF (in blue) and model according (in red). A first analysis 

shows two contributions of the phase and amplitude coupling: one coming from the gain 

section of the RSOA, and a second expresses itself through the large oscillation. We 

estimated to value of α=7 in case of 1-km cavity.  

As the commercial RSOA has a reflection gain of about 12 dB, in order to determinate 

the capacity to overcome the overall cavity round trip losses, in this section we will at the first 

time evaluate the performance versus different cavity total round trip losses. Figure 19 shows 

the experimental setup where a variable optical attenuator (VOA) is inserted between RSOA 

and AWG to vary different added losses in the cavity. As the VOA has a symmetric IL of 2.2 

dB, two large band MUX with IL of 0.5 dB and 1 dB are used to simulate a lower added 

losses in the cavity. Then we replace VOA by several lengths of standard monomode fiber 

(SMF) to compare the performance. 

 

 

Figure 19. Experimental setup to evaluate BER performance versus cavity total round trip losses. 

Table 1 shows the IL of different component in the cavity. For 1-km long cavity for 

example, the total round trip losses is twice of the sum of all the component IL in the cavity, 

which means 2x (0.8+1.7+1.9+0.9)=10.6dB.  

 

Table 1. 1-km Cavity total round trip losses : 5.3*2 = 10.6dB 

 

 Mirror MUX-100GHz Splitter 30/70 1km of SMF 5km of SMF 10km of SMF 

Losses(dB) 0.8 1.7 1.9 0.9 1.4 3.2 

 

We fix the bias current at 100 mA for all the BER measurement.  
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Table 2. Laser output power and ER of ED for different added losses 

 
Added 

losses 

(dB) 

0 0.5 (MUX1) 1 (MUX2) 1.8 

(MUX1+2) 

2.2 

(VOA IL) 

2.7 3.2 3.7 4.2 4.7 

Pout 

(dBm) 

-3.2 -3.3 -3.9 -4.2 -5.5 -5.9 -

6.5 

-7.2 -7.8 -8.5 

ER(dB) 

of ED 

4.4 4.4 4.4 4.6 4.3 4.3 4.5 4.6 4.7 4.7 

 

Figure 20 shows the laser output power versus different added losses in the cavity. As the 

bias current is fixed at 100mA, the RSOA has a fixed reflection gain. Laser output power 

decrease linearly versus added losses in the cavity.  

 

 

Figure 20. Laser output power versus different added losses. 

Figure 21 depicts the BER measurement in case of BTB versus received power for 

different added losses from 0 dB to 4.7 dB in the cavity. Error floor start to appear from 

1.5dB of added losses. We compared also BER performances between different added fiber 

length and added attenuation as shown in the figure 22. With 1km of added SMF having 1dB 

of attenuation, the BER curves are identical.  

 

 

Figure 21. BER measurement versus received power for different added attenuation in the cavity. 
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Figure 22. BER measurement versus received power for different distances and attenuation. 

 

 

Figure 23. Experimental set-up to evaluate BER performance versus MUX bandwidth. 

 

 

Figure 24. BER measurement versus filter bandwidth at 1.25Gb/s. 

In Figure 23, the 100 GHz 8-channels AWG is replaced by a tunable filter with a 

bandwidth range from 40 GHz to 2.5 THz corresponding in wavelength from 0.35 nm to 20 
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nm. We measured BER performances versus filter bandwidth with a fixed received power of -

32dBm at 1.25 Gb/s and -27.5 dBm at 2.5 Gb/s. In case of BTB at 1.25 Gb/s, the results show 

that BER performance is slightly improved when filter bandwidth increases. While the results 

in transmission after 10 km and 20 km of SMF show the best BER performance at about 100 

GHz of filter bandwidth.  

 

 

Figure 25. BER measurement versus filter bandwidth at 2.5Gb/s. 

We firstly evaluate the lower speed modulation performance at 1.25 Gb/s and 2.5 Gb/s 

for different cavity length. The RSOA is biased at a current of 100mA and modulated by non 

return to zero (NRZ) PRBS data with a length of 2
31

-1. Results are displayed in Figure 26. 

 

 

Figure 26. BER measurements for back-to back and after 10km/20km SMF link at 1.25Gb/s and 

2.5Gb/s for 1-km long cavity. 
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Figure 27. BER measurements for back-to back and after 10 km and 20 km of SSMF link at 1.25 Gb/s 

and 2.5 Gb/s for 5-km long cavity. 

 

Figure 28. BER measurements for back-to back and after 5km/10km SMF links at 5Gb/s for 1km long 

cavity. 

Figure 26 and Figure 27 represent BER measurements versus received power for 1-km 

and 5-km long laser cavities with an extra optical attenuation of 2 dB inside the cavity. In the 

former case, the laser output power is around -2 dBm with an extinction ratio (ER) around 4.5 

dB (compare. Figures 14-15). The back-to-back (BTB) sensitivity at 1.25 Gbps and 2.5 Gbps 

for achieving a 10
-3

 BER is about -35 dBm and -33 dBm respectively, which means that an 

optical budget (OB) of 33 dB and 31 dB between OLT and laser can be tolerated. Both of two 

results prove the possibility of co-existence with standard class B+ GPON at 1.25 Gb/s and 

2.5 Gb/s. The power penalties after 20 km of SMF (in the feeder) are less than 0.5dB at 

1.25Gbps and 3dB at 2.5Gb/s.  
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In case of 5-km cavity, despite the higher RIN level and higher cavity total round trip 

losses, which lead an error floor appears in BTB case at 2.5GB/s and after fiber transmission 

case. We can still obtain an OB, which is 32 dB at 1.25 Gb/s and 29.5 dB at 2.5 Gb/s 

respectively with a laser output power of around -3dBm. Results prove equally the possibility 

of co-existence standard class B+ GPON with such a long cavity. The power penalties after 

20 km of SMF are less than 1 dB at 1.25 Gb/s and 6.5 dB at 2.5 Gb/s.  

 

 

Figure 29. BER measurements for back-to back and after 1km SMF link at 10 Gb/s for 10m/1km long 

cavity. 

As described previously, for higher bit rate modulation at 5Gb/s and 10Gb/s, an AWG 

with larger bandwidth and lower IL is required to reduce the cavity total round trip losses. 

The extra distribution losses of 2dB are equally removed to minimize cavity losses. Due to 

the optical bandwidth limitation of RSOA component and higher frequency loss at high bit 

rate transmission, we use for the first time a pre-emphasis technology to maintain eyes 

opening by correcting waveform amplitude to optimize transmission performance. As signal 

source, the PPG generate a NRZ data PRBS with a length of 2
31

-1 and the clock is sent into a 

4-tap emphasis, which generate an emphasis data to modulate our RSOA-based laser. 

Evaluation of 1km-cavity was done at a bit rate of 5Gb/s with the RSOA current biased at 

150mA, which resulted in an output power of about 1.5dBm with 2.8 dB of ER. To achieve a 

10
-3

 BER in B2B, the required power is about -22 dBm permitting an OB of 23.5dB. After 

5km of SMF (see Figure 28), the power penalty is less than 0.5dB at a BER of 10
-3

. When we 

increase the bit rate up to 10Gb/s, in case of 10m-cavity, we successfully obtained 1,6dB of 

ER and BTB curves with a sensitivity of -20.5dBm for a BER at 10
-3

 (see Figure 29), which 

means an OB of 22.3 dB can be tolerated. It is possible to realize a 1km-transmission in the 

feeder with a penalty of 5.5 dB at the considered BER. The cavity length can also be 

increased up to 500m to keep the same transmission performance. BER measurement for 1-

km cavity is also performed at 10Gb/s. After propagation through 1 km of feeder fiber, the 

BER obtained was 4.10
-3

.  
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5.2. Low PDG-RSOA with FM Mirror Optics Express  
 

Figure 30(a) shows the experimented 32-channel WDM PON topology. Two-twin cyclic 

athermal NEL AWGs with 100-GHz spacing serve as multiplexer/demultiplexer at the OLT 

and at the RN respectively. DS transmitter is an externally intensity-modulated tunable L-

band laser, coupled to the AWG by means of C-L WDM coupler (IL=0.8 dB), which also 

routes the incoming US signal to the US receiver. A feeder fiber of 24 km or 50 km of SSMF 

links the OLT to the RN. At the passive RN, the 80/20 output coupler and the mirror are the 

common portion of all the ONU network-embedded cavities. In particular two different 

mirror topologies have been exploited, the first, including an optical circulator and 

polarization controllers, allows for performance evaluation as a function of polarization 

variations inside the cavity; the second is a Faraday Rotator Mirror with 45° rotation at 1550 

nm ±1.2° over the entire C-band, to realize a configuration recently demonstrated to give 

almost polarization-independent operation with low PDG RSOA [2]. The remaining passive 

section of the self-tuning cavity is constituted by the distribution fiber, ranging from 1 km to 

5 km, and by the C L WDM coupler. Finally the gain and modulation medium is provided by 

two RSOAs by Alcatel-Thales III-V Lab [3], whose output gain spectra are shown in figure 

30(b) and 30(c), compared with the channel allocation in C-band for the US (in black) and L-

band for the DS (in red); the optical spectrum resolution is 0.5 nm. Both RSOAs are operated 

at room temperature by a thermo electric cooler and they have very low polarization 

dependent gain (PDG) in linear regime: lower than 1 dB for ONU1 and then 0.5 dB for 

ONU2. As can be seen RSOA2 gain spectrum does not adequately cover channels lower than 

16. At each ONU the C-L WDM coupler also routes incoming DS signal to the DS receiver. 

All receivers include 1.25 Gb/s APD-TIA and clock and data recovery. 

 

 

Figure 30. (a) Experimented WDM PON topology (b) III-V Lab RSOA1 output gain spectrum (c) III-V 

Lab RSOA2 output gain spectrum (0.5 nm resolution). 

Fig 31(a) shows the power versus RSOA bias current curves for the three evaluated 

channels covering the C-bandwidth, for ONU1 and 1-km distribution fiber length. Optimized 

transmitter performance is around 160-mA bias current, corresponding to almost -4 dBm 

available output power. It should be reminded that output power is intended as measured at 

the RN, that is at point A of the Figure 1 setup: from the ONUs point of view, point A) can be 

called back to back. For all the considered channels the operating point is set in the nonlinear 

region of the power-versus-current curve, as the RSOA has to operate in saturation condition 

in order to bleach the incoming recirculating-modulated radiation. Figure 31(b)- (d) show the 

back to back eye diagrams at 1.25 Gb/s for the three channels at 160-mA bias current; CH32 
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shows a slightly noisier eye diagram due less effective residual modulation cancellation, 

being at the edge of RSOA1 3-dB bandwidth. Eyes are registered by the AC-coupled output 

of a linear PIN-TIA photodiode. Output ER is evaluated through the DC-coupled output of 

the same receiver: for all the considered channels it ranges from 6 to 6.5 dB. The output ERs 

are the results of the trade off between the desirable eye opening which increases performance 

and the capability of the RSOA to bleach the high ER of the recirculating modulation [4]. 

The first analysis of the embedded self-tuning cavities comprised BER measurements as 

a function of the received power, while simultaneously operating two ONUs respectively with 

1.4 and 1 km distribution fiber, in the circulator-based mirror configuration. They have been 

performed for different channels in co presence of the corresponding DS signal. PRBS is 2
7
-1, 

as this test pattern gives the closest match to the maximum run-length of a Gigabit Ethernet 

line code. Nevertheless a back to back evaluation of pattern dependence evidences for 2
31

-1 

pattern length no penalty at 10
-4

 BER and less than 1 dB at 10
-11

 BER with respect to the 2
7
-1 

pattern. Figure 31 shows BER curves for ONU1 channel 1 (CH1) at 1533.4 nm, which is 

close to RSOA1 gain peak. For the sake of clarity curves are displayed into two different 

charts. Figure 31(a) assesses the lack of crosstalk impairments both on US signal and on DS 

signal: no penalty is in fact observed when additional channels are ON, as can be seen 

comparing black full diamonds curve with open diamonds curve, for the DS signal, and the 

dark blue full circles curve with the light blue full circles curve for US signals. By means of 

the fiber polarization controllers (PC) inside the optical circulator mirror (see Figure 30) 

opposite SOP conditions within the cavity are analyzed: at 10
-4

 the difference between the 

two SOPs is around 1 dB, while at lower BER the error floor rises from 10
-10

 to 5·10
-7

. 

Focusing on the best SOP condition, the comparison between results with 24 km and the 50 

km feeder fiber, respectively light blue full circles and open circles curves, show little 

difference when CD load is almost doubled. In order to provide an insight on the sources of 

impairments in the scheme, the penalty due to OLT AWG and dispersive fiber have been 

measured alone. Results are shown in Figure 31(b). By comparing the back to back 

performance of the US signal (point A in Figure30) (full grey circles) with that at point B 

after 24-km transmission (full orange circles) and 50-km transmission (open orange circles), 

it can be seen that the propagation penalty is slightly higher than 1 dB for the longest 

distance, but no error floor appears. In these conditions the modulated output spectrum 

bandwidth is 11 GHz and thus it is not the limiting factor for typical PON feeder fiber lengths 

at this bit-rate. On the other hand, the comparison with CH1 filtered by the OLT AWG 

without propagation (open grey circles) shows that AWG filtering evidences the 10
-11

 BER 

error floor, as expected due to its action on the RIN associated to the US signal [5]. The 

combination of chromatic dispersion and OLT AWG filtering further increases this floor.  

The same measurements have been performed both for ONU1, over the C band, and for 

ONU2, restricting to channels from CH16 to CH32. The results in figure 33 have been 

expressed in term of available US power budget for 24-km feeder fiber, measured as the 

difference between the output power of the self-tuning cavity (in A) and the received power 

necessary to achieve 10
-4

 BER (in C) for ONU1 (figure 33(a)) and ONU2 (figure 33b); 10
-4

 

BER was chosen as it represents 239,255 Reed-Solomon pre-FEC limit. In these 

measurements PCs have been positioned to obtain best and worst polarization performance 

respectively for ONU1 (Figure 33(a)) and ONU2 (Figure33(b)).  
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In Figure 33, the red and blue areas represent the spread in presence of the second ONU 

and the DS transmission respectively in best and worst SOP conditions. The green area 

expresses the performance differences associated to polarization variations. 

It can be seen that power budget for ONU2 CH16 and CH17 is 2dB lower than for ONU2 

CH32, whose wavelength is close to RSOA2 gain peak experiencing nearly the same gain as 

ONU1 CH1, both allowing for a power budget of 27 dB. Similarly ONU1 CH32 behaves as 

ONU2 CH16, which sees a similar gain, as can be seen by comparing spontaneous emission 

spectra of Figure 30(b) and (c). The green area in the figure 33 represents the polarization 

spread, that is the difference between worst and best SOP performance. As already discussed 

for ONU1 CH1 even low PDG, can significantly impact on the transmitter performance as it 

is enhanced by multiple roundtrips during the cavity build-up [6] resulting in nearly 1 dB 

power budget difference at 10
-4

 and an increased error floor. The polarization spread is lower 

for ONU2, which relies on a lower PDG RSOA. 

 

 

Figure 31. (a) Optical output power vs RSOA1 bias current, for US ch. 1, 16 and 32. Back to back 1.25-

Gb/s eye diagrams with linear PD for (b) ch. 1, (c) ch. 16, (d) ch. 32. 

 

Figure 32. BER versus received power for channel 1 at ONU1: a) US and DS evaluation with 

simultaneous operation of ONU2 over 24 and 50 km b) analysis of channel 1 in different measurement 

point of the setup for 25 and 50 km with reference to Figure 30. 
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Figure 33. Power budget at 10
-4

 BER for different channels of ONU1 (a) and ONU2 (b).  

 

 

Figure 34. BER versus received power for channel 1 ONU1 with 5-km distribution fiber length for US 

in: back to back (green circles) and in point C (Figure1) after 50-km transmission (red circles), in point 

C after 50-km in presence of the second operating ONU (red triangles) and in presence of the DS (red 

diamonds). DS performance in back to back (black open squares) and after 50-km transmission (black 

full diamonds) is also displayed. 

It has been demonstrated that birefringence and polarization issues can be coped with the 

insertion of a FRM at the RN [2] if the RSOA PDG is not significant. In this situation the 

cavity shows two alternating orthogonal polarization eigen states, thus the transmitter 

performance is stabilized despite polarization variations due to birefringence. This allows 

exploiting also longer distribution fiber for the network-embedded cavity. Due to fiber length, 

a 5-km cavity shows approximately 1.5-dB extra losses with respect to 1-km cavity, which 

are marginal with respect to experimented cavity losses due to a thermal AWG, output 

coupler ratio, C L WDM coupler, which average 16-17 dB. Cavity insertion losses referred to 

the gain balance define the performance of the self-tuning cavity. 

Figure 34 presents the measurements while simultaneously operating ONU1 and ONU2 

respectively with 5 and 1.4 km distribution fiber and exploiting a FRM as the common 

reflector. Results are quite similar to those commented in Figure 32. No penalty is found both 

for the DS and US when both ONUs and DS are taken into account. The US penalty with 

respect to DS is 2.5 dB in back to back (Figure30 point A), comparable with that of a shorter-

length cavity. Moreover at 10-4 50-km transmission, at OLT receiver (Figure 30 point C), 

shows almost 1-dB penalty, while a 10-9 floor rises. Performance of the 5-km distribution 
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fiber cavity transmitter after 50-km transmission is almost similar to best SOP performance 

for 1-km distribution fiber cavity, evidencing that exploitation of a FRM at the RN well 

overcomes the birefringence issue when exploiting low PDG RSOA. 

 

 

5.3. High-PDG RSOA with FRM 
 

In this section, we will show the first experimental results obtained with a high-PDG 

RSOA chips specially developed by III-V labs for ERMES project.  
 

 

Figure 35. Experimental set up for BER measurement. 

Figure 35 depicts the experimental setup of an upstream transmission with a self-seeded 

quantum-well (QW) C-band RSOA. The RSOA has a high signal TE mode reflection gain 

above 30 dB at 1540 nm (@ bias current=100mA). A 45° faraday rotator (FR) is set at the 

output of RSOA and a 90° FRM at the output of AWG via a splitter. Its splitting ratio will 

vary for the purpose of our experiments. This set up guarantees that the input polarization 

state at the RSOA is stable and aligned with the RSOA high gain, while the laser-cavity 

operation is unaffected by polarization effects within the light path. This assures a high round 

trip gain and a steady performance [10].  

In our experiment, we use a single cyclic 16-channel gaussian AWG with a channel 

bandwidth of 100GHz and an IL of 2dB. The laser signal is send to a feeder fiber (up to 

100km) and received by an APD coupled to CDR. The RSOA is directly modulated by a 

NRZ PRBS 2
31

-1.  

In order to investigate the OB, we emulate transmission losses using a VOA inside the 

cavity. We defined the optical budget between the laser output (output of the splitter at the 

RN) and the reception of the APD at the OLT.  

For such an extra-long cavity source, the ratio between the gain and the round trip losses 

inside the cavity is an essential issue for system performances especially the optical budget. 

In the literature, more attentions are drawn to use a small coupling loss inside the cavity, 

consequently a large loss is introduced at the output of cavity (unsymmetrical splitter). In our 

experiment, four different splitters (50/50, 40/60, 20/80, 10/90 corresponding to coupling 

losses of 3.5/3.5, 3.7/4.2, 1.8/8.2, 1.6/10.7 dB) are inserted separately inside the cavity. The 

figure 30 represents the self-seeded source output power versus different coupling losses 

(laser output branch). We observed a linear evolution showing that the output power increases 

(from-7.9dBm to 0.3dBm) when the output splitting losses are reduced (from 10.7dB to 

3.5dB), which means that by replacing a splitter of 10/90 by a 50/50, we can improve the 
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output power from -7.9 dBm to 0.3 dBm. However, in the case of modulation at 1.25Gb/s, the 

extinction ratio decreases with the coupling losses (from 7.4dB to 6.1dB for a 10/90 replaced 

by a 50/50). Figure 37 shows the BTB BER performances of a10m cavity laser versus the 

optical budget and for several splitter ratios. For the splitter of 50/50, an OB of 35 dB is 

tolerated to achieve a BER of 10
-3 

(considering FEC operation), which represent 8 dB of 

improvement compared to the implementation with a 10/90 splitter. 
 

 

Figure 36. Laser output power versus different output splitting losses 

 

Figure 37. BTB BER performances versus optical budget for 4 splitters at 1.25Gb/s. 

With the 50/50 splitter, we also evaluated the transmission performances at bit rates of 

1.25Gb/s and 2.5Gb/s for different cavity lengths from 1km to 5km shown in figure 38. Table 

4 represents the OB results for the considered BER of 10
-3

 at different bit rate and 

transmission reach. The green zone shows the OB value above 33dB which is the minimum 

required for co-existence with existing infrastructures demand (Class B+ GPON +5dB for 

MUX insertion). For a short cavity length, performances up to 10Gb/s was also achieved in 

BTB and for longer transmission reach thanks to pre-electronics signal treatments as in the 

section 5.1. 
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Figure 38. BER Transmission performances at 1.25 Gb/s and 2.5Gb/s for 1km& 5km-drop fiber 

 

Table 4. OB measurements at 10
-3

 BER 

 

 
Cavity 

length 
BTB 25km 50km 75km 100km 

  

1.25 

Gb/s 

10m 35 35 34.8 34.5 34 

1km 33.3 33.1 33 32.9 32.8 

5km 30.8 30.2 30 29 27.8 

 

2.5 

Gb/s 

10m 34 33.3 32.6 27.2 - 

1km 32.4 32 29.5 - - 

5km 30 28 - - - 

 

Table 5. Rise and fall time measurements 

 

 Measured (µs) 

Cavity length 10m 500m 1km 5km 

RT (10/90%) 7.6 7.7 7.8 25.8 

RT (5/95%) 9.4 8.5 8.7 47 

FT (10/90%)) 2.8 2.3 2.4 2.9 

FT (5/95%) 3.4 3.1 3.1 3.6 

 

In order to reduce the energy expenditure of the WDM-PON system, the laser should be 

shut down following several sleep modes detailed in [11].  
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Figure 39. Measurement of rise time (a) and fall time (c) with applied supply pattern (b). 

The external cavity laser continuous supply was replaced by a pulse pattern generator 

with a laser-on time duration of 500ms over a period of 1s (Figure 39-b). In our experiment a 

10/90 splitter was used in the cavity. Then, we investigate the rise time (RT) (Figure 39-a) 

and fall time (FT) (Figure 39-c) of the laser for several cavity lengths. Measurement results of 

RT and FT at 5-95% and 10-90% of the maximum output level are presented in Table 2. We 

observed that the RT and the number of round trip needed to reach a stable laser operation 

depend on the cavity length. The longer the cavity is, the higher the rise time is. However, the 

fall time remains at a stable value around 3 µs. For sleep mode consideration, whatever the 

cavity length, these results show the possibility to awake and put back to sleep the laser 

within less than 8.19s as required in [11]. 

Such a laser could also be of interest for a burst mode implementation for hybrid time 

division multiplexing-WDM (TDM-WDM) approaches. However, for the shortest cavity 

(10m), the 10-90% rise time is measured at 7.6µs which is largely above the 16bits (12.8ns) 

limit for a 1.25Gbit/s burst mode transmission specified in ITU-T G984.2.  

Self-seeded WDM-PON solution has been recently proposed for the mobile front-haul 

application based on common public radio interface (CPRI) [12].  

One of the factors limiting the transmission performance is the jitter tolerance. The CPRI 

low voltage (LV) electrical specifications are guided by the 10G attachment unit interface 

(XAUI) electrical interface specified in Clause 47 of IEEE 802.3ae-2002. According to CPRI 

LV receiver AC timing specifications, at a BER of 10-12 the tolerated total jitter (TJ) is 

0.65UI and the tolerated deterministic jitter (DJ) is 0.37UI. Back to back transmissions at 

1.25Gb/s and 2.5Gb/s bit rates are realized with a 10/90 splitter in the cavity and for three 

different cavity lengths: 10m, 500m and 1km. The jitter measurement is performed with a 

digital oscilloscope at the Rx output of the APD with a 231-1 long NRZ PRBS. Figure 40 

depicts the data eye diagram and the BER bathtub histogram at 1.25Gb/s for a 10m cavity. In 

several seconds, bathtub histogram measurements captured the most probable timing 

locations of data transitions. This histogram is also known as a jitter histogram. It is 

understood that the total jitter probability density function (PDF) is a convolution integral of 

bounded deterministic jitter (DJ) and unbounded Gaussian random jitter (RJ). BER is the 

integrated ―tail‖ of the jitter distributions from each side of the data eye and is as a function of 

the sampling point. 

 

 

 

 

a) b) c) 
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Table 6. Jitter measurement results at 10-3 BER 

 

Jitter (µs) (BER) TJ 

(10-6)  

 TJ  

(10-12) 

 DJ  

(10-12) 

 

1.25Gb/s 

10m 0.29 0.41 0.05 

500m 0.3 0.41 0.05 

1km 0.26 0.36 - 

 

2.5Gb/s 

10m 0.52 0.71 0.11 

500m 0.6 0.85 0.12 

1km 0.62 0.85 0.12 

 

 

Figure 40. data eye and BER bathtub histogram at 1.25Gb/s. 

Table 6 illustrates all the TJ values in unit interval (UI) measured at receiver. The TJ 

results at 1.25 Gb/s for a BER of 10
-12

 are compatible to the jitter specification values. 

However, at 2.5 Gb/s, jitter results are unfavorable. Considering a BER of 10
-6

 target, all jitter 

results remain in specified values.  

 

 

5.4. Amplified Self-Seeded Architecture 
 

In this section, we present for the first time a new WDM PON architecture based on 

amplified self-seeded RSOA to achieve a simple and standard WDM infrastructure (no mirror 

of specific device at RN). As shown in figure 46, the connection to one port of the AWG 

relocates the FRM from the RN to the OLT via an optical splitter. The extra-long self-tuning 

cavity source range from the OLT to the RRH, and has a length defined directly by the sum of 

feeder and drop fiber.  

Figure 46 depicts the experimental setup for BER measurement with the same QW 

RSOA used in the section 1.3. A 45° FR is set at the output of RSOA and a 90° FRM at the 

output of AWG via an 80% splitter. An extra C-band bi-directional semiconductor optical 

amplifier (SOA) is inserted inside the cavity between FRM and the optical splitter in order to 

compensate extra-long cavity losses. The SOA offers a small signal gain >20dB and a low 

polarization dependent gain <1dB at 1550nm. In order to investigate the feeder optical 

budget, which is defined between the MUX at the OLT and the RN, we emulate transmission 
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losses using a VOA inside the cavity. Then, the output power of the external cavity source as 

well as the feeder optical budget performances will depend on the cavity losses.  

 

 

Figure 46. Amplified self-seeded RSOA experimental set up. 

 

Figure 47. Output laser power vs. extra added losses at 1.25Gb/s. 

 

Figure 48. BER vs. extra added losses at 1.25Gb/s. 
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Figure 49. BER vs. added fiber and added losses at 1.25Gb/s. 

At reception, the system consists in an APD, a CDR, and a BERT. This receiver is 

connected to the 20% output of the splitter.  

The RSOA is directly modulated at 1.25Gb/s by a 2
31

-1 long NRZ PRBS. In the first step, 

we evaluated the impact on the extra added losses emulated by the VOA inside de cavity for 

our proposed amplified self-seeded configuration showed in the figure 35. The RSOA is 

biased at 90mA and the SOA bias is 130mA. 

In the figure 47 and figure 48, we observed the same tendency as described previously in 

the section 5.1.4. Laser output power decrease linearly versus added losses in the cavity. 

Figure 48 depicts the BER measurement in case of BTB versus received power for different 

added losses from 0dB to 16.1dB in the cavity. Error floor start to appear from 3.8 dB of the 

added losses. We compared also BER performances between different added fiber length and 

added attenuation as shown in the figure 49. With 10km of added SMF having 2.7 dB of 

attenuation, the BER curve degrades from 10
-10

 to 10
-7

 compared to that with 2.8 dB of added 

attenuation by the VOA.  

We compare the performances with two configurations widely studied and presented in 

the literatures: spectrum sliced RSOA based configuration shown in the figure 50(a) and self-

seeded RSOA based configuration shown in the figure 50(b). VOA1 and VOA2 are inserted 

in order to simulate the feeder optical budget and compare the performances in equivalent 

configurations. The RSOA is directly modulated at 2.5Gb/s by a 2
31

-1 long NRZ PRBS. 

The RSOA is biased at 70 mA for scheme (a) and 90mA for scheme (b) and (c). The 

main interest in comparing the RSOA spectrum-sliced configuration and our proposed 

amplified RSOA-based self-seeded one is that both of them stick to a WDM-PON regular 

architecture compatible with existing systems. A 12dB of optical improvement is obtained for 

amplified self-seeded source (c) compared to spectrum sliced source (a) shown in the figure 

51. Figure 41 represents the BER measurement versus the feeder optical budget in the case of 

BTB (both feeder fiber and drop fiber are removed) at 2.5 Gb/s. For the amplified self-seeded 
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configuration, an optical budget of 19dB can be tolerated in order to achieve a BER of 1.10
-3

, 

which is the limit for an error free transmission when using FEC. Also, we observed a better 

ER and a better BER performance for amplified self-seeded configuration when the feeder 

optical budget is lower than 18dB.  

 

 

Figure 50. Experimental setup (a) RSOA spectrum-sliced configuration (b) RSOA-based self-seeded 

configuration (c) RSOA-based amplified self-seeded Configuration. 

 

 

Figure 51. ASE and source spectra for three configurations. 

Both configuration (b) and (c) create an extra-long external cavity formed between the 

FRM and the RSOA reflective facet. For RSOA-based self-seeded source seen in figure 50 
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(b), the cavity length is constituted of the drop fiber. While for the third configuration (c), the 

cavity includes both of feeder and drop fiber. Consequently, extra amplification (SOA) is 

required to overcome the total cavity round trip losses. Figure 53 and figure 54 depict the 

impact on the cavity length at 2.5 Gb/s for these two extra-long cavity sources. Varying from 

10 m to several kilometers of drop fiber length, the BER performance of the self-seeded 

source degrades from 10
-9

 to 4.10
-5

. By inserting a SOA inside the cavity at the output of the 

splitter, we observed a better ER and that the BER performances are improved for cavity 

lengths from 10 m to 5 km. Besides, for the first time, we can successfully reach up to 45 km 

of cavity length while achieving a 10
-3

 BER.  

 

 

Figure 52. BER BTB performances at 2.5Gb/s for configuration (a) and (c). 

 

 

Figure 53. BER performance versus cavity length at 2.5Gb/s for configuration (b) and (c) 
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Figure 54. BER performance versus received power at 2.5Gb/s for configuration (b) and (c). 

In order to compare the transmission performances of the three configurations, we choose 

a 5 km drop fiber. The BER measurements at 2.5 Gb/s for BTB and after transmission in 

feeder fiber of different lengths is presented versus received power in figure 55.  

 

 

Figure 55. BER transmission performances versus received power at 2.5Gb/s. 

Firstly for the RSOA spectrum sliced configuration (a), in the case of BTB, we obtain a -

34 dBm sensitivity for a BER of 10
-3

. Being spectrally sliced by the AWG, the ASE power is 

reduced to -15 dBm, which means that the optical budget obtained between the OLT and the 
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RN is equal to 19 dB. On the other hand, the transmission in the feeder fiber is limited to 15 

km with a large 8 dB penalty due to chromatic dispersion effects. In comparison, the self-

seeded source with an external cavity length up to 5km displays similar BER performances in 

the case of BTB with a -32 dBm sensitivity at a BER of 10
-3

.  

 

 

Figure 56. Spectra at 10Gb/s for 4 configurations. 

 

Figure 57. BER measurements versus received power at 5Gb/s and 10Gb/s for ASE, self-seeded and 

amplified self-seeded configurations. 

The output power of the self-seeded source is about -4 dBm permitting a feeder optical 

budget of 28 dB. The transmission reach is increased to 25km of feeder fiber with a small 

penalty of 2 dB. Finally our proposed amplified self-seeded source with SOA displays the 
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best sensitivity equal to -34.5 dBm in the case of BTB (5 km of drop fiber in the cavity). 

After 25 km of feeder fiber, the power penalty is below 2 dB for a BER of 10
-3

. We also 

observe penalties due to chromatic dispersion effects by comparing BER at equivalent link 

losses with and without SMF. This can be explained by the higher level of RIN in the case of 

transmission in SMF. Finally, the total cavity length i.e. maximum transmission distance, can 

reach as much as 45 km of SMF with 40 km of feeder fiber.  
 

 

Figure 58. BER measurements versus received power at 5Gb/s with CWDM and AWG multiplexer. 

Table 7. ER and ED at different bit rate for different configurations 

 

 
 

ERMES project aims to increase the bit rate up 10Gb/s. In the section 5.1, we obtained 

the experimental results up to 10 Gb/s with a low-PDG RSOA thanks to the emphasis 
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technology. With the QW high-PDG RSOA, no improvement of BER performances is 

observed with the emphasis treatment.  

We evaluated in this section only short cavity (10m) condition. The QW high-PDG 

RSOA can be ASE modulated up to 10 Gb/s with an ER of 3.2 dB showed in the table 7. No 

ER is measured above 5 Gb/s in the case of RSOA spectrally sliced configuration. We 

successfully obtained an ER of 5 dB at 5 Gb/s and 3 dB at 10 Gb/s for the self-seeded and 

amplified self-seeded configurations with no electronic treatment. Presented in figure 57, we 

obtained quasi-similar BER performance at 10 Gb/s in the case of these two configurations. 

No improvement in bit rate increase is observed by inserting a SOA inside the cavity.  

 

5.5. Remotely-Pumped Self-Seeded Architecture 
 

It has been experimentally demonstrated an unconventional hybrid TDM/WDM PON 

using self-seeded reflective semiconductor optical amplifiers (RSOA), providing a 512-split 

PON with 20-Gb/s aggregated upstream capacity [13] achieved by overlaying multiple WDM 

PONs on a legacy optical distribution network deployed for TDM PONs, as in figure 59(b). 

This unconventional scheme takes advantage of the properties of the RSOA-based self-seeded 

transmitter scheme, which is self-tuning, and thus colorless, and immune to the distributed 

backscatterings [7], which limit the ultimate bridgeable distance when a single feeder fibre is 

exploited in remotely-seeded solutions [14]. The unconventional hybrid topology is motivated 

by the fact that the self-seeded transmitter heavily suffer from cavity insertion losses [7], thus 

power splitting for TDM overlay is performed after wavelength demultiplexing (in upstream 

direction). We present in this section the experimental analysis of a colorless network-

embedded self-tuning transmitter for a conventional hybrid stacked-WDM/TDM-PON [7]. To 

overcome the additional cavity losses due to power splitters the optical network unit (ONU) 

transmitter is assisted by a remotely-pumped optical amplifier, placed in the completely 

passive remote node (RN) and shared between all the users [15]. The pump is placed at the 

Central Office (CO), thus preserving the passive nature of the RN and in this sense differs 

greatly from solutions proposing Erbium doped fibre amplifiers (EDFA) at the remote node 

[14]. Though remote amplification has been already proposed for extending the reach of 

PON, the remotely pumped EDFA is here employed in a double pass configuration due to the 

properties of the self-seeded source. The discussed scheme sustains a 256-split PON with 

80-Gb/s aggregate upstream (US) capacity.  

 

 

Figure 59. (a) Conventional stacked-WDM/TDM-PON. (b) unconventional hybrid TDM/WDM PON. 

The self-seeding cavity performance depend on the cavity losses, the exploitation of a 

power splitter inside the ONU transmitter to implement Figure 59(a) conventional hybrid 
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stacked-WDM/TDM-PON drastically raises the cavity losses of an amount equivalent to the 

doubled splitter rate. It is thus mandatory to overcome them with assisted amplification. In 

order to maintain the passive nature of the RN, a remotely pumped EDFA has been chosen. 

The topology [7] must be modified to integrate the remotely pumped EDFA in the RN, the 

final scheme is presented in Figure 60. The pump source, which is located at the central office 

(CO), after propagation in the feeder fibre, is coupled with the EDF by two 1550-1480 nm 

WDM couplers: the first one, WDM-1, also routes the DS signal to the RN cyclic AWG via 

the STC coupler output branch. The second one (WDM-2) common port is conversely 

connected to the EDF, while its 1550-nm port allows the US cavity signal to be coupled to the 

remotely pumped EDFA. Both the cavity signal and the pump are reflected by the RN cavity 

mirror, which can be for instance a Faraday Rotator Mirror (FRM) to overcome the 

polarization issue in a cavity exploiting a low polarization dependent gain (PDG) RSOA [2]. 

The realized amplifier is thus a double-pass EDFA. 

 

 

Figure 60. Self-tuning cavity topology for remotely pumped EDFA exploitation at the RN. 

Figure 61 shows the experimented upstream transmitter based on the RSOA self-tuning 

cavity assisted by a remotely pumped EDF amplifier together with the whole experimental 

setup. The cavity is delimited by two mirrors: one belonging to the RSOA located at the ONU 

and one FRM located at the RN. The transmitter remaining passive part is embedded in the 

network itself: the WDM C/L coupler for US and downstream (DS) separation, the 

distribution fibre, here 420 m of SSMF, the 32-channel 100-GHz spacing cyclic athermal 

AWG and the 80/20 output coupler. A power splitter between the AWG and the ONU, here 

emulated by a variable optical attenuator (VOA), allows for hybrid TDM/WDM PON 

transmitter validation. At the RN the EDF length has been 20 m. The employed pump is a 

Raman-fibre laser at 1486 nm. The pump source is inserted into the feeder fibre through a 

1550-1480 WDM coupler. 

At the ONU the active element is constituted by a low PDG RSOA, with more than 

2-GHz E/O bandwidth, which can be directly modulated at 2.5 Gb/s. The RSOA 

Electro/Optical (E/O) response has been measured for bias currents from 100 mA to 175 mA, 

which covers the exploited bias current range; the measurements are presented in Figure 

62(a), showing for all the bias-current range, a 3-dB bandwidth larger than 2 GHz. The RSOA 

spectrum at the bias current of 100 mA is presented in Figure 62(b), as can be seen it is 

centered at 1580 nm, thus AWG channels lower than 20 are not within the RSOA full width 

half maximum (FWHM) gain bandwidth. 

 

Complimentary Contributor Copy



Last-Mile Technologies: New WDM Access Proposals, Devices and Experiments 267 

 

Figure 61. Experimental set up. 

 

 

Figure 62. (a) RSOA E/O response for bias currents from 100 mA to 175 mA. (b) spectrum at 100-mA 

bias current. 

 

 

Figure 63. (a)-(c) Eye diagrams of channels 1-16-32 respectively. (d)-(f) respective CW and modulated 

spectra. 
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The exploited pump power is 25 dBm, which allows coupling an effective power in the 

EDF of nearly 16.6 dBm, due to fibre and coupler losses. As expected, pump propagation in 

the feeder fibre determines also Raman amplification in the L band, where the DS signal is 

spectrally located. In our set up, exploiting 25-km SSMF feeder fibre, the average net Raman 

gain in L band has been measured in 5 dB. The measured double-pass gain was 26 dB at 1543 

nm at -10 dBm input power. The cavity losses, including the 1550-1480 nm WDM coupler, 

but excluding the doped fibre, with no VOA extra losses, have been estimated in 17.4 dB. Of 

course the emulation of 1:8, 1:16 or 1:32 splitters adds to the cavity losses of 18 dB, 24 dB 

and 30 dB respectively, which need to be recovered by the remotely pumped EDFA gain. 

Figure 63(a)-(c) presents the measured back to back eye diagrams, i.e., taken at point A 

of Figure 61, for channels 1, 16 and 32. They correspond to different bias points, that is 

respectively 155 mA, 130 mA and 102 mA; the increasing bias currents for lower number 

channels are consistent with the RSOA gain bandwidth: to get the necessary gain for lower 

channels higher currents are needed. The applied data are 4 Vpp and the relative extinction 

ratios (ERs) are 4.7 dB, 6.7 dB and 8 dB. The operating points have been chosen to minimize 

the BER and represent a trade off between desirable high ER and cavity recirculating signal 

cancellation [4]. Figure 63(d)-(f) shows the output spectra for the same channels in CW 

regime (red narrower spectrum) and when applying 2.5-Gb/s modulation, modulated spectra 

(blue line). 

Table 8 shows received powers to achieve the enhanced FEC limit of 4·10
-3

 BER and the 

Reed-Solomon limit of 10
-4 

BER at 2.5 Gb/s. The measurements have been performed after 

25-km SSMF propagation and after OLT AWG demodulation with a 2.5-GHz APD followed 

by a clock and data recovery module. With VOA set to emulate 1:8 split, i.e. 9 dB 

attenuation, all the 32 channels reach a BER lower than the enhanced FEC limit for received 

power lower than 29 dBm, as it is also demonstrated by Figure 64, where BER values for 

each of the 32 channels at -29 dBm received power are presented. This allows an aggregate 

upstream capacity of 80 Gb/s shared by 256 end-users. Table 8 first column also shows that, 

with reference to 10
-4

 BER, for channel numbers lower than 24 the necessary received power 

rapidly increases, consistently with the RSOA gain allocation. The same trend is confirmed 

by the performance with VOA emulating 1:16 and 1:32 split losses: only for the channel 

range 24-32 the performance reaches the Reed-Solomon or enhanced FEC limits [9].  

 

 

Figure 64. 2.5 Gb/s BER at -29 dBm received power for all the 32 channels. 
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Table 8. BER performance at 2.5 Gb/s 

 

 Split 1:8 Split 1:16 Split 1:32 

RX power BER RX power BER RX power BER 

CH32 -29.2 dBm <10-3 -28.2 dBm <10-3 -30.3 dBm <4·10-3 

-24.6 dBm <10-4 -22.8 dBm <1.6·10-4   

CH24 -29.5 dBm <10-3 -31.3 dBm <10-3 -30.5 dBm <4·10-3 

-26.4 dBm <10-4 -24.5 dBm <10-4   

CH16 -30.3 dBm <1.5·10-3     

-20.4 dBm <10-4     

CH8 -30.2 dBm <1.5·10-3     

-18.4 dBm <10-4     

CH1 -29 dBm <4·10-3     

 

With these splitting ratios, which imply heavier losses, the aggregate upstream capacity is 

thus limited to 20-Gb/s, differently from what has been demonstrated for the 256 users (1:8 

split). The results seem to indicate that with the proper RSOA gain bandwidth allocation, up 

to 80 Gb/s capacity could be shared by up to 1024 users. 

 

 

6. THE MODEL 
 

The modelling task of the self-seeded transmitters was undertaken by the Karlsruhe 

Institute of Technology. Results of this task are presented in this section. Central to the self-

seeded PON is the reflective SOA, and thus obtaining a good model for the RSOA is 

paramount to conducting the simulation task. The developed RSOA model is then 

incorporated into a larger model for the PON transmitter. As discussed in previous sections, 

the RSOA provides three important functions: amplification, data cancelation and direct 

modulation to imprint fresh data on the reflected wave. The RSOA is inherently an amplifier, 

albeit a nonlinear one. The nonlinear gain compression allows for the cancelation of the 

incoming modulation component while simultaneously allowing for fresh data to be 

modulated, via the injection current on the outgoing wave towards the central office. 

The RSOA is a buried waveguide with various compositions of to form regions that 

confine both the injected carriers and the lateral profile of the propagating optical field [16]. 

The carriers are confined completely within the active region using double heterojunctions, 

the concentration of these carriers provides the optical gain the overlap of the optical lateral 

mode profile with the area of the active region is depicted in figure 65. The injected current 

into the RSOA provides the charged carriers for amplification via stimulated emission. The 

amount of amplification depends on the density of these carriers in the active region, 

amplification is provided by the injected charged carriers into the active region via the bias 

current. Simulations are performed for the RSOA operated within both the self and externally 

seeded configurations. In order to characterise the RSOA for operation within the self-seeded 

cavity, one must understand the gain saturation characteristic of RSOAs. The gain saturation 

behaviour can only be obtained by operating RSOAs within an externally-seeded 

configuration. The modelling requirements of RSOAs for the proposed self-seeded 

transmitter need to consider the following: spatially resolved counter propagating optical 

fields, spatially resolved carrier density dynamics, modulated input injection current  
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Homogeneous saturation of the RSOA due to the counter propagating optical fields in the 

RSOA internal cavity losses and RSOA-fiber coupling losses 

 

Injection current

Output light

Active Amplification 
Region

Optical Lateral Mode 
Profile

w

L

h

 

Figure 65. Schematic of RSOA showing the active region and lateral profile of the propagating optical 

field. 

 

RSOA Model Description 
 

The outline of the mathematical model of the RSOA is presented. The model is based on 

implementions of travelling wave amplifiers in [13,14]. A schematic of the amplification 

process is shown in figure 66. An initial field E 
 is incident to the anti-reflecting (AR) facet 

of the RSOA. This wave gets amplified as it propagates along the RSOA; at the high-

reflecting facet, a portion of the light is reflected back, this wave gets amplified and competes 

for carriers with the forwards travelling wave. When the wave reaches the AR, the wave 

leaves the amplifier and is collected into fiber. The wave leaving the RSOA is denoted E 
. 

 

 

Figure 66. Modelling framework of RSOA showing the counter propagating fields highlighting 

interactions over a distance Δz. 
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The framework to model the RSOA is as follows: the RSOA is broken up into M  

separate sections such that the spatial granularity (distance step) defined in the calculations is 

z L M  . The time step is then calculated as gt z v  
, where gv

 is the group velocity 

of the optical field in the RSOA. The carrier density rate equation is given hy: 
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where: z and t  are the spatial and temporal variables respectively; N is the carrier density; 

RSOAI
 is the injected current into the RSOA; e  is the unit of elementary electronic charge; V  

is the volume of the active RSOA gain region; sponR
is the rate of spontaneous emission and 

stimR
is the rate of stimulated emission. The rate of stimulated emission is given by: 
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where:  is the confinement factor of the light in the active region; a  is the differential gain, 

0N
is the carrier density at transparency; nl


is the nonlinear gain compression factor; wd is 

the area of the active region; h is the photon energy; E


represents the optical field of the 

counter-propagating optical signal with the directions defined in Figure 2(b); 


represents 

the power of the propagating ASE in the RSOA; totP
is the total power of the counter-

propagating optical signal and ASE. The rate of spontaneous emission is given by: 

       2 3
, , , ,sponR z t AN z t BN z t CN z t  

  (0.3) 

 

where, A  is the rate of nonradiative recombination; B  is the rate of bimolecular 

recombination and C is the rate of Auger recombination.  

The equations for the propagation of the counter-propagating fields are given by: 
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where int


is the internal scattering loss of the RSOA waveguide; LE
 is the linewidth 

enhancement factor. The RSOA boundary conditions (BC) are that the input lightwave to the 

RSOA is always known at all times, i.e.    0, inE t E t 
. At the reflective facet the BC is 

given by 
   , ,E L t RE L t 

, with R being the reflectivity. For a given input,  0,E t

, the 
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output lightwave  0,E t

is calculated using Eq. (1) and Eq. (4) by employing theoretical 

SOA techniques [13, 14] and applying the RSOA boundary conditions. The RSOA input, 

 0,E t

, and output,  0,E t

, lightwaves can only be measured in fiber, therefore an 

additional fiber-RSOA coupling loss is used to determine the fiber-coupled input and output 

lightwaves at the RSOA input (AR) facet. 

The RSOA is operated in the self-seeded configuration and a CW light is injected into the 

amplifier. The output power is measured in the coupled fiber. The static RSOA gain versus 

input power characteristic and the output power versus input power of an RSOA are shown in 

Figure 67 (a) and (b). The measured results (open circles) are plotted along with the 

simulation results (solid lines). The RSOA device parameters used are shown in Table 9. 

There is excellent between the calculated and measured results. The small signal gain is 

greater than 30 dB for low input powers and the gain saturates strongly with just a few dB 

gain at input powers of 0 dBm. The most important feature to observe from the plots is that 

the RSOA output power reaches a maximum; this is a feature of reflective amplifiers [18] in 

general due to the increased gain saturation from the reflective wave.  

 

 

Figure 67. The (a) input power dependence of the fiber coupled RSOA gain (b) the RSOA input-output 

power transfer characteristic.  

RSOA bias current is 160 mA. MCDR is the modulation cancelation dynamic range. 

Simulations are denoted by solid lines; open circles denote measured result. Measured results 

provided courtesy of PoliMi. 

 

Table 9. RSOA parameters used in the simulations 

 

RSOA Parameter Value Parameter Value 

RSOA length 

Area of Active region 

Reflectivity 

Rate of nonradiative carrier 

recombination 

Alpha factor 

Nonlinear gain compression 

Fiber – RSOA coupling loss 

800 µm 

0.18 µm2 

10% 

4x108 s-1 

 

4 

2 W-1 

 

6 dB 

Confinement factor 

Differential gain 

Carrier density at 

transparency 

Bimolecular 

recombination 

coefficient 

Auger recombination 

coefficient 

Internal scattering loss 

20% 

4x10-20 m2 

5x10-23 m-3 

 

1x10-16 m3s-1 

 

1x10-42 m6s-1 

 

5,000 m-1 
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The importance of the existence of a maximum output power is that the output power 

remains constant irrespective of the input power and this is precisely the condition to achieve 

modulation cancelation. For the employed RSOA, the input power at which modulation 

cancelation can be obtained is –6 dBm which makes RSOAs attractive devices to use for 

extended reach PONs. We define the range of input powers over which the difference in 

output power varies by less than 1 dB from the maximum output power to be the modulation 

cancelation dynamic range (MCDR). For any input signal whose intensity waveform is 

contained within the MCDR, the output signal will be compressed to a signal with minimal 

modulation component. 

 

 

Dynamic RSOA Simulations: Modulation Cancelation 
 

In the previous section we reported on the response of the SOA for CW optical input 

signal; however, the RSOA gain depends strongly on the carrier dynamics. Therefore in this 

section we show results of modulation cancelling experiments at 2.5 Gbit/s. A schematic 

outlining modulation cancelation is shown in figure 68. 

 

 

Figure 68. Depiction of the concept of modulation cancelation. 

The RSOA is operated in the externally seeded configuration. The light source is 

externally modulated while the extinction ratio (ER) of the incoming signal is held constant at 

6 dB. A 2.5 Gbit/s non-return-to-zero (NRZ) optical input signal with ER = 6 dB is launched 

into the RSOA. The average input power of the signal is controlled using a variable optical 

attenuator; this allows us to operate on different parts of the RSOA input-output transfer 

characteristic, Figure 3(b). The input eyediagram showing the 6 dB ER is shown in the top of 

Figure 5. The measured and calculated output eye diagrams for three different input optical 

powers are shown in figure 69 (a)-(c), the position on the input-output power transfer 

characteristic is shown in the insert of the simulated eye diagram. In Figure 69 (a) shows the 

output eye diagram when the average input power is -15 dBm, at this operating condition the 

gain is only moderately saturated and thus there is only a small closure of the signal eye 

diagram. When the average input power is increased to -6 dBm as is the case shown in figure 

69 (b); the operating point being at the maximum output power of the input-output power 

transfer characteristic, that the modulation component of the outgoing wave has been 

completely cancelled apart from the transient spikes. The transient spikes occur because the 

RSOA gain cannot change instantaneously to changes in input power, thus spikes appear due 

to the transitions of the input signal power. When the input power is increased further to 0 

dBm, there is a negative slope at this position on the power transfer characteristic, this the eye 
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opens again however the output waveform is an inverted copy of the input signal and thus we 

term this operating region the signal self-inversion regime. There is excellent agreement 

between the measured and calculated results for the three operating regimes thus confirming 

the adequacy of the model to predict the static and dynamic behavior of RSOAs.  

 

 

Modeling the Self-Seeded Transmitter 
 

In this section we present results of the RSOA operating in a self-seeded cavity. The 

basic operation of the self-seeded transmitter is outlined in [3]. A laser field builds up due to 

recirculating ASE, and then the intensity of the outgoing wave is modulated via the RSOA 

injection current; the recirculating signal returning to the RSOA, that was modulated at a 

previous time (the delay   being equal to the cavity transit time ~10 µs), is cancelled as it 

propagates through the RSOA. The reason is explained as follows: for typical semiconductor 

lasers with longitudinal dimensions of a few millimeters, the cavity transit time is much 

shorter than the photon lifetime due to cavity losses and the carrier lifetime; this condition 

leads to a carrier – photon resonance [16] under gain modulation because the gain equals 

losses condition is established over time scales of tens of picoseconds, much shorter than the 

gain modulation period. This decoupling of the gain modulation with gain saturation allows 

for the simultaneous cancelation of the incoming wave with the re-modulation of the intensity 

on the outgoing wave. 

Central to obtaining satisfactory operation of a self-seeding source, one must obtain the 

cancelation condition as outlined in the previous section. In order to characterise the RSOA 

for operation in a self-seeded configuration, it is convenient to plot the RSOA gain versus 

output power for the currents at the extrema of the injection current waveform. The data to 

obtain these plots is to take the RSOA gain and output power graphs, such as those shown in 

Figure 68 (a) and (b), and plot RSOA gain versus output power with input power as 

parameter. Plotting the data in this fashion provides greater insight into the cavity. Plots of 

RSOA gain versus output power are shown in figure 71 for the RSOA current extrema at 80 

and 180 mA.  

The usefulness of plotting the RSOA gain versus output power is that the operating point 

of the self-seeded cavity can be read directly by noting that the RSOA gain equals the cavity 

losses. This is depicted in figure 71 by plotting the cavity loss line. The intersection of the 

cavity loss line with the gain-output power curve determines the circulating power in the self-

seeded cavity. The losses are fixed, therefore the level of RSOA gain saturation adjusts until 

the gain equals the losses. In order to create a self-seeded transmitter that cancels the 

modulation component of the recirculating signal, the loss level must intersect the curves at 

the location of maximum output power. This is not possible to satisfy at two different values 

of injection current, though the loss value of 13 dB provides a good compromise. Such a high 

level of cavity loss would be expected given the insertion loss of the network components, i.e. 

the AWG and optical couplers. 

The simulation platform is created by fixing a time delay of 400 ns (1,000 bits at 2.5 

Gbit/s) between the time when the outgoing US signal leaves the RSOA and when the signal 

returns as a recirculating signal to the RSOA. The astute placement of Faraday rotators along 

the cavity leads to a retracing of the polarization state of the incoming lightwave at the RSOA 

input [10], therefore the scalar propagation equations can be used without modification. The 
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laser field is built up from ASE, once a steady state field is established then the current is 

modulated. The standard laser output power versus current (L-I) curve is plotted in Figure 72. 

 

 

Figure 69. Results of modulation cancelation(a) signal squeezing (b) exact cancelation (c) self-inversion 

regime. Measured results provided courtesy of PoliMi. Acronyms: Tx transmitter, Rx receiver, Circ 

circulator. 

 

Figure 70. Schematic of self-seeded cavity, showing that the transmitted wave to the OLT is similar to 

that of the injected current waveform to the RSOA. 
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Figure 71. Plot of RSOA gain versus output power for two values of DC injection current. The 

intersection of the 13 dB cavity loss line with the curves determines the circulating power in the self-

seeded cavity. Solid lines are simulated results and open circles are measured results. Measured results 

provided courtesy of PoliMi. 

The L-I curve displays the typical threshold condition for lasers [4], for the self-seeded 

cavity shows a threshold current of about 45 mA, such a high threshold current is due to the 

large cavity and coupling losses. 

 

 

Figure 72. Static L-I curve of the self-seeded transmitter. 

Now that the static behaviour of the cavity is established, the performance under 

modulated conditions will be presented. Operation as a transmitter is performed with direct 

modulation via the injection current at 2.5 Gbit/s. The bias current was set to 130 mA with 

NRZ modulation current of amplitude ±50 mA. The simulated eye diagram after 100 round 

trips with a unique modulation sequence applied after every roundtrip is shown in figure 73. 

The detected signal undergoes low pass filtering with a low pass bandwidth of 2.5 GHz, as 

was the case with the experiments. A clear open eye diagram with ER of 6 dB is clearly 
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visible, highlighting the fact that the recirculating signal is completely cancelled and the only 

transmitted US signal pattern is the pattern applied via the injection current. 

 

 

Figure 73. (a) Simulated eye diagram of transmitted signal from self-seeded cavity at 2.5 Gbit/s direct 

modulation with electronic low pass filter at the receiver. (b) Measured output eye diagram from self-

seeded cavity. Measured result provided courtesy of PoliMi. 
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ABSTRACT 
 

This chapter discusses the latest optical fiber connection technologies. In particular, 

current and novel field installable connectors are discussed in detail. First, after a brief 

introduction, the optical access network configuration and various optical fiber 

connections employed in Japan are explained. The section on connections includes a 

discussion of manufactured connectors. Then, current mechanical splices with refractive 

index matching material are introduced. These splices consist of a base with a V-groove 

guide, three coupling plates, and a clamp spring. A mechanical splice is suitable for 

joining optical fibers simply in the field. Current field installable connectors are also 

explained. These connectors have three main parts, a polished ferrule containing a short 

optical fiber (built-in optical fiber), a mechanical splice part, and a clamp. This connector 

holds an optical fiber drop cable or an indoor cable sheath. To install the connection, the 

optical fiber end must be stripped, cleaned, cleaved, and connected to the built-in optical 

fiber using a mechanical splice technique, and the cable sheath is then fixed in the clamp. 

The structure allows connection to another optical fiber connector in the field. Recently, 

two types of novel field installable connection techniques have been proposed. One is 

mechanical splicing, which is used to connect coated optical fibers without the need for 

stripping or cleaning procedures. The other is a field assembly connection technique, 

which employs a new type of field installable connector that makes it possible to realize a 

physical contact connection without a polishing procedure. The proposed connection 

techniques are also described. Mechanical splicing is achieved by precisely aligning and 

directly connecting coated fibers with a capillary. The assembled splice is installed with 

1.3-μm single-mode fibers that have an 80-μm cladding and a 125-μm coating and they 

exhibit good optical performance with a low average insertion loss of 0.2 dB and a high 
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return loss of over 46 dB. Connection is achieved with the developed field installable 

connector by using a chamfered fiber endface and the compression force of the buckled 

fiber. The assembled connectors achieve physical contact without the fiber endface being 

polished, which provides good optical performance with a low insertion loss of 0.11 dB 

and a high return loss of over 50 dB. These optical fiber connection technologies will be 

effective for connecting fibers in future optical network systems. 

 

Keywords: Optical fiber splice, optical connector, coated optical fiber, physical contact 

connection, field installable connector 

 

 

INTRODUCTION 
 

There are now more than 34 million broadband service subscribers in Japan, and the 

number of subscribers to Fiber-to-the-Home (FTTH) services reached about 20 million in 

December 2011 [1]. Many single-mode optical fiber (SMF) connection techniques, such as 

fusion splicing, mechanical splicing, and the use of optical connectors, are currently 

employed in FTTH systems [2-3]. A fusion splice is fabricated using a fusion splice machine 

(splicer), which is a precision machine that provides fiber alignment, video monitoring, and 

arc discharge functions. A fusion splice provides the highest and most stable performance of 

all connections. Physical contact (PC) connectors are used in the central office and homes. 

These connectors require frequent reconnections. Manufactured connectors with a refractive 

index matching material are used in outside underground facilities to connect multifiber array 

ribbons and they have a small gap between two fiber ends that is filled with refractive index 

matching material to reduce Fresnel reflection. In contrast, mechanical splices and field 

installable connectors are used for fiber connections at aerial and residential sites. These 

connection techniques are the most suitable for wiring that corresponds to different aerial 

conditions and room arrangements. 

Mechanical splices and field installable connectors, which also employ refractive index 

matching material between the fiber ends to reduce Fresnel reflection, are good optical 

components for fiber connection outdoors. A large number of mechanical splices and field 

installable connectors have been used in Japanese optical access networks. However, there are 

issues with these fiber connection components. Unexpected failures when installing these 

fiber connections might have a detrimental effect on performance. For instance, it has been 

reported that the insertion loss might increase greatly along with changes in temperature if 

there is a wide gap between the fiber ends as a result of the fibers being joined incorrectly. 

This is because silicone oil compound used as refractive index matching material moves into 

the wide gap and mixes with air [4]. This loss increase may not occur immediately after 

installation but intermittently over time. In the event of an unusual fault, it is difficult to find 

the defective connection point, and it takes a long time to effect a repair. To prevent such 

faults, it is important to conduct specified procedures correctly and use correct tools with field 

installable connectors. Therefore, we require easier procedures and a simpler structure than 

those of the current technique for field installable connections, which avoid the possibility of 

defective connections. Low-cost connectors are also required. 

Recently, two types of field installable connection techniques have been proposed [5]. 

One involves a new mechanical splice that connects coated optical fibers without the need for 
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stripping or cleaning procedures [6]. The other involves a new type of field installable 

connector that enables PC connection without a polishing procedure [7-8]. These connection 

techniques result in a simple component structure, ease of assembly, and excellent optical 

performance. 

This chapter discusses the latest optical fiber connection technologies. In particular, 

current and new field installable connectors are discussed in detail. After a brief introduction, 

the optical access network configuration and various connection technologies currently used 

in Japan are described. This section introduces PC-type connectors and manufactured 

connectors with a refractive index matching material. Then, mechanical splices with 

refractive index matching material and current field installable connectors are explained. 

Finally, two types of novel field installable connection techniques are described. One is 

mechanical splicing, which is used to connect coated optical fibers without the need for 

stripping or cleaning procedures. The other is a field assembly connection technique, which 

utilizes a new type of field installable connector that enables physical contact connection 

without a polishing procedure. These optical fiber connection technologies will be effective 

for realizing fiber connections in optical network systems. 

 

 

OPTICAL ACCESS NETWORK CONFIGURATION AND OPTICAL 

FIBER CONNECTIONS 
 

Figure 1 shows the configuration of an optical access network in Japan, which is mainly 

composed of an optical line terminal (OLT) in a central office, underground and aerial optical 

fiber cables, and an optical network unit (ONU) on the customer‘s premises. The network 

requires fiber connections at a central office, underground, and at aerial and residential sites. 

PC connectors, such as miniature-unit coupling (MU) and single fiber coupling (SC) optical 

fiber connectors [9-10], are used in the central office and home. These connectors require 

more frequent reconnections than field installable connectors. Manufactured connectors with 

a refractive index matching material, such as mechanically transferable (MT) multifiber 

connectors [11], are used in the central office and underground facilities for connecting 

multifiber array ribbons and have a small gap between two fiber ends that is filled with 

refractive index matching material to reduce Fresnel reflection. In contrast, for fiber 

connections at aerial and residential sites, a field installable connection technique is required 

that best matches the wiring corresponding to different aerial conditions and room 

arrangements. Such a method should not require any adhesive, polishing, or electricity, and 

the connection procedure should be easy. Currently, there are two fiber connection techniques 

for field installation, mechanical splicing and field installable connection [12-14]. Field 

assembly (FA) termination connectors and field assembly small (FAS) connectors are types 

of field installable connectors, and many kinds of connectors have been developed and used 

in optical fiber networks. Each connector determines how or where it should be used. The 

typical connectors employed in optical access networks in Japan are described below. 

First, the single fiber physical contact (PC) connectors are explained. Figure 2 shows the 

basic structure of a single fiber PC-type connector. With PC-type connectors, two ferrules are 

aligned in an alignment sleeve and connected using compressive force. Normally, the two 

fiber ends in the ferrules are connected without a gap and without an offset or tilt 
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misalignment. The fiber coupling (FC) connector [15], SC and MU connectors are typical 

single fiber PC-type connectors. The SC connector consists of two plugs and an adaptor. The 

plug has a zirconia ferrule and a plastic-molded connector housing. The adapter excludes a 

split sleeve for alignment. The SC connector was developed based on an FC connector and 

uses a push-pull coupling mechanism. With single-mode optical fiber the connector has 

exhibited an average insertion loss of less than 0.1 dB and a return loss of more than 40 dB. 

The MU connector, which was based on the SC connector, has a 1.25-mm diameter ferrule 

and a miniature push-pull type plug. The MU connector is 4.4 mm wide and 5.6 mm high, 

and its cross-sectional area is more than 60 % smaller than that of an SC connector. The MU 

connector has also exhibited a low insertion loss and a high return loss with single-mode 

optical fiber. 

 

 

Figure 1. Optical fiber access network and connections. 

 

 

Figure 2. Basic structures of single fiber physical contact type connector. 

Mechanically transferable (MT) connectors have been developed and used for connecting 

multifiber ribbon in such optical subscriber networks as FTTH systems. Figure 3 shows the 

MT connector structure. The MT connector consists of two plastic ferrules and two guide 

pins. The ferrules are aligned by the two guide pins and two guide holes and then held with a 

clamp spring. Figure 4 shows a cross-sectional diagram of an MT ferrule. The designed fiber 

positions between the two guide hole centers. If the fabricated fiber positions have large 
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offset misalignments from their designed positions, this could result in insertion loss. It is 

important to minimize the offset misalignments. The fibers to be connected can be easily 

aligned by two guide holes and guide pins with refractive index matching material to achieve 

a low connection loss for multifiber array connection.  

Figure 5 shows the multi-fiber push on (MPO) connector structure [16-17]. MPO 

connectors using the MT connector technique have been developed for use in a termination 

cabinet and in optical interconnections for very dense transmission systems. The MPO 

connector employs a push-on pull-off mechanism where the plug and adaptor are engaged by 

fitting a pair of elastic hooks into corresponding grooves, and the configuration of the ferrule 

end has been improved [18]. The ferrule endface is made oblique with an angle of 8 degrees 

to a plane perpendicular to the ferrule axis so that the reflected light is not transmitted in the 

reverse direction. In addition, the fiber ends are designed to protrude slightly at the ferule 

endface to allow direct fiber endface physical contact between multiple fibers [19]. With 

single-mode fiber ribbons the connector exhibited average insertion and return losses of less 

than 0.2 dB and more than 55 dB, respectively, without the use of refractive index matching 

material. 

 

 

Figure 3. Structure of MT connector. 

 

 

Figure 4. Cross-sectional diagram of MT ferrule. 
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Figure 5. Structure of MPO connector. 

 

Figure 6. Photograph of manufactured PC connectors. 

 

Figure 7. Photograph of MT connector. 
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Figures 6 and 7, respectively, show photographs of manufactured connectors that employ 

PC connection and refractive index matching material. Figure 6 shows FC, SC, and MU 

connectors designed for single fiber connection that use zirconia ferrules to enable PC 

connection. In contrast, the MPO connector is for multifiber ribbon connection and uses an 

oblique plastic ferrule endface to enable the PC connection of multiple fibers. Figure 7 shows 

an MT connector with refractive index matching material for the multifiber array connection 

of fewer than 12 fibers. These connectors are used in optical fiber networks. 

 

 

CURRENT FIELD INSTALLABLE SPLICES AND CONNECTORS 
 

Figure 8(a) and (b), respectively, shows the basic structure of a mechanical splice. A 

mechanical splice is suitable for joining optical fibers simply in the field. It consists of a base 

with a V-groove guide, three coupling plates, and a clamp spring [12]. When a wedge is 

inserted between the plates and the base, optical fibers can be inserted through the V-groove 

guide to connect them and fix them in position by releasing the wedge between the plates and 

base as shown in Figure 8(b). Refractive index matching material is used to reduce Fresnel 

reflection. This connection procedure requires no electricity.  

Figure 9 shows the basic structure of an FA connector, which is used on a customer‘s 

premises. An FA connector is composed of three main parts, a polished ferrule containing a 

short optical fiber (built-in optical fiber), a mechanical splice, and a clamp. This connector 

holds the optical fiber drop cable or indoor cable sheath [20]. To assemble the connection, the 

optical fiber end is cleaved and connected to the built-in optical fiber using the mechanical 

splice, and the cable sheath is fixed in the clamp. The structure allows connection to other FA 

or SC connectors in the field because they all have the same connector interface. In addition, 

the FA connector is fabricated based on the above-mentioned mechanical splice technique; 

therefore, the connection can be assembled without the need for special tools or electricity.  

 

 

Figure 8. Structures of mechanical splice. 
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Figure 9. Structures of FA connector. 

 

Figure 10. Latest mechanical splice for gripping cable. 

Figure 10 shows the latest mechanical splice, which grips the sheath of a drop or indoor 

cable. This mechanical splice employs the FA connector technique in relation to joining 

optical fibers and gripping drop or indoor cable. There are three features. First, a conventional 

wedge is divided into two wedges. This structure makes it possible to insert and fix the 

prepared optical fibers individually. Next, joining a fiber to a fixed fiber results in fiber 

buckling, which informs us that the fibers have been joined correctly. Finally, the wedge with 

a spacer is released, the cover is placed in position, and the drop or indoor cable is gripped.  

The FAS connector is designed to be assembled in the field and used for connecting and 

accommodating optical fiber efficiently in an aerial optical closure. Its structure is almost the 

same as that of the FA connector. Figure 11 shows the basic structures of FAS connectors. 

There are two kinds of plugs. One is a coated fiber type, which grips the coated optical fiber 

in a distribution cable, and the other is a drop cable type, which grips the drop optical fiber. 

The socket has an opening into which the plug is inserted. A polished ferrule containing a 

built-in optical fiber and a mechanical splice part is fixed in the connector. The plug is pushed 

into the opening of the socket to connect the two components, and the two ferrules are 
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brought into contact. Then, the latch is engaged and the components are connected. To release 

the connection, a point on the latch is pushed. The latch is then disengaged and the plug is 

disconnected. Moreover, to prevent any accidental release, the mechanism only works when 

the pushing points on the latch on either side of the plug are pushed simultaneously.  

Figure 12(a) and (b), respectively, show photographs of the mechanical splice for coated 

fiber connection and drop or indoor cable connection. Figure 13(a) and (b), respectively, 

show photographs of FA and FAS connectors. A large number of mechanical splices and FA 

and FAS connectors have been used in Japanese optical access networks. 

 

 

Figure 11. Structures of FAS connector; (a) coated fiber type plug, (b) drop cable type plug, and (c) 

coated fiber type socket. 

 

Figure 12. Photographs of current and latest mechanical splices. 

The Technical Assistance and Support Center (TASC) of NTT East Corporation has 

investigated faults with mechanical splices and field installable connectors [4, 21-22]. The 

number of faults is not very large; however, certain faults might result in serious network 
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problems. The TASC has been collecting defective mechanical splices and field installable 

connectors from various regions throughout Japan since 2001 and has investigated their 

outward appearance and optical characteristics by dismantling and testing them. The TASC 

has specified various causes for such faults and the most common are fiber breakdowns 

caused by accidentally scratched fibers or excessive stress, wide gaps between fiber ends 

caused by incorrect joins, and the incorrect cleaving of fibers. These faults result from fiber 

ends being incorrectly prepared and assembled or the use of inappropriate tools. Therefore, to 

reduce the number of defective connectors, we require easier procedures and a simpler 

structure than those currently used for field installable connections. In addition, low-cost 

connectors are needed. 

 

 

Figure 13. Photographs of FA and FAS connectors. 

 

DEVELOPMENT CONCEPT OF NEW TYPE OF FIELD INSTALLABLE 

CONNECTION TECHNIQUE 
 

Two techniques have been studied and proposed for next generation mechanical splices 

and field installable connectors [5]. One is designed to greatly improve current fiber end 

preparation and assembly procedures [6], and the aim of the other is to greatly improve the 

structure of field installable connectors [7-8]. The two techniques are described below. 

The same fiber end preparation procedures are employed for both mechanical splices and 

field installable connectors prior to fiber installation. Figure 14(a) shows the current fiber end 

preparation procedures. The fiber coating is stripped. Then the stripped fiber (bare fiber) is 

cleaned with alcohol, cut with a cleaver, inserted into a mechanical splice or a splice part 

inside a field installable connector, and joined to the opposite fiber or built-in fiber. Finally 

the inserted fibers are fixed in position. Stripping, cleaning, and cutting are important for 

successful fiber connection (to provide good performance) in the field. If any of these 

procedures are not conducted correctly, the fiber connection performance might deteriorate. 

All connection techniques involve handling and aligning bare glass fibers. Bare fibers are not 

easy to handle and may also be broken. Figure 14(b) shows the proposed technique for field 

Complimentary Contributor Copy



Optical Fiber Connection Technologies 289 

installable connections. With this technique, coated fiber is directly cut without stripping or 

cleaning. The cleaved coated fiber is joined to the opposite fiber or built-in fiber. Finally the 

fiber is fixed in position. Consequently, the proposed technique results in an easier and safer 

connection procedure without the need to handle bare glass fibers. 

 

 

Figure 14. Optical fiber end preparation procedures; (a) current procedures and (b) new procedures. 

 

Figure 15. Basic structures of field installable connector; (a) current structure with built-in fiber with 

polished endface and mechanical splice and (b) novel structure without built-in fiber and mechanical 

splice. 

Figure 15(a) shows the basic structure of a current field installable connector. The 

connector is composed of a polished ferrule containing a short optical fiber (built-in optical 

fiber) and a mechanical splice part. The polished ferrule enables PC connection. After the 

fiber-end preparation procedures (stripping, cleaning, and cleaving) are complete, the fiber is 
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inserted, joined to the built-in optical fiber, and fixed in position in the mechanical splice part. 

This structure of the field installable connector makes connection possible with other PC 

connectors. However, the structure is not very simple. For a more economical connector, field 

installable connectors with a simpler structure are required. Figure 15(b) shows the structure 

of new field installable connectors for use with the proposed connection technique. The new 

structure has two features. The first is that the optical fiber inserted into the connector ferrule 

enables direct PC connection. Namely, there is no mechanical splice part and no built-in fiber 

or optical fiber fixed to the ferrule. The second feature is that the PC surface is compressed by 

the elasticity of the fiber. The structure is very simple and results in low-cost connectors. The 

following section details the proposed fiber end preparation techniques for mechanical splices 

and field installable connectors and a new type of structure for field installable connectors. 

 

 

COATED OPTICAL FIBER CONNECTION TECHNIQUE WITHOUT 

STRIPPING OR CLEANING 
 

Structure of New Splice 
 

This section describes a new mechanical splice for coated optical fiber connections. 

Figure 16 shows its structure. The splice consists of a base, a capillary, three lids, and a clamp 

spring. In the capillary, coated fibers are precisely aligned and connected to each other. Fiber 

guide grooves for the capillary are formed on both sides of the base and a fiber buckling 

space is located on one side of the capillary. Fiber buckling is used to provide axial 

compressive force at the fiber ends to maintain a gap between them. This compressive force 

contributes to the long-term reliability of the connection. To eliminate Fresnel reflection, a 

refractive index matching material is placed in the capillary and fills the gap between the fiber 

ends. The new splice has a very simple structure. 

 

 

Figure 16. Structure of mechanical splice for coated fiber connection. 
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Figure 17. Cross-sectional diagram at capillary of mechanical splice for fiber core offset calculation. 

To realize a connection between coated fibers with this splice, the fibers must be cleaved 

without removing their coatings. A conventional fiber cleaver blade is positioned so that it 

forms a correct initial crack on the fiber cladding surface through the coating. The cleaving 

method is described in the following section. A wedge is inserted between the base and the 

lids to form a space for fiber insertion above the fiber guide groove. The cleaved coated fibers 

are inserted into the capillary through the fiber guide groove. When the wedge is removed, 

the fibers are fixed and maintained mechanically with the base, the side lids, and the clamp 

spring. Consequently, the use of this structure and fiber installation procedure eliminates the 

need for the process normally used to strip the fiber coatings and clean and handle the 

stripped fibers. The tools needed for this procedure (stripper, alcohol, cleaning paper etc.) 

also become unnecessary. Moreover, this technique can increase the ease and speed of fiber 

installation and the reliability of long-term usage because no bare glass fibers are handled at 

any time during the procedures. 

 

 

Performance Estimation and Prototype Design 
 

The insertion losses of the mechanical splice were analyzed to confirm that the structure 

is suitable for connecting coated fibers. It is assumed that the insertion loss is caused solely 

by the offset of the fiber cores because the tilt and gap between the fiber ends are small 

enough for the losses they induce to be ignored. Figure 17 shows a cross-sectional diagram of 

our splice at the capillary. Here, Dc is the inner diameter of the capillary, Dfc is the diameter of 

the coated fiber, and S1 and S2 are the minimum and maximum distances from the core center 

in the coated fiber, respectively. 

When aligning the coated fibers with the capillary, there is a fiber core offset, which is 

caused by two factors, namely the core-coating eccentricity Cfc of the coated fiber and the 

clearance between the capillary and the fiber coating. First, when Cfc is defined as S1/S2, the 

loss induced by Cfc is defined as follows. When two coated fibers spliced at the centers of 
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their coatings meet, the distance from the core center to the fiber coating center d1 is 

expressed as 
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where w is the mode field radius of the fiber. The loss induced by Cfc can be calculated by 

using eqs. (1) and (2), and d=2 d1. Figure 18 shows the estimated  value when the fibers are 

aligned using their coating centers. Calculations were performed for two fibers; a 

conventional 125/250-μm fiber with a cladding diameter of 125 μm and a coating diameter of 

250 μm [24] and an 80/125-μm fiber [25]. To attain an insertion loss of less than 1.0 dB at 

1.31 μm where w=4.3 μm, the Cfc value of the 125/250-μm fiber must exceed 0.984 and that 

of the 80/125-μm fiber must exceed 0.967. Based on this result, we used the 80/125-μm fiber 

for the first prototype splice with coated fiber. 

 

 

Figure 18. Insertion loss caused by core-coating eccentricity. 

Next, the effect of the clearance between the capillary and the coated fiber on the 

insertion loss of the splice was analyzed. When the clearance is expressed as s, the offset 

between the capillary center and the coating center is s/2, and Dfc equals Dc - s. Therefore, the 

distance from the core center to the capillary center d2 is expressed as 
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Figure 19 shows the calculated insertion loss of the splice for the 80/125-μm coated fiber 

taking s into consideration. The diameter of the capillary we used was 125.5 μm and Cfc was 

over 97%. From these results, a splice with an insertion loss of less than 1.0 dB must have a 

Cfc value of over 99%, and the s value between the capillary and the coated fiber should be in 

the 0-1.4 μm range (shown by the shaded area in Figure 19). 

 

 

Figure 19. Insertion loss estimation for proposed mechanical splice. 

 

Figure 20. Procedures for cleaving optical fiber. 

 

Figure 21. Cleaved fiber ends; (a) 125-μm bare fiber end, (b) 80/125-μm coated fiber end, and (c) photo 

of coated fiber end. 
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Performance of Assembled Splice 
 

Figure 20 shows the procedure for cleaving an optical fiber [26-27]. A length of optical 

fiber is fixed with two clamps (step (a)). A blade is slid upwards and scratches the fiber (to 

initiate a fracture) (step (b)). The fiber is then bent at the scratch across a bed with an 

appropriate radius and pushed downward from the opposite side of the scratch until the fiber 

is cleaved (step (c)). To cut fiber with a coating, the position of the blade in a conventional 

fiber cleaver is arranged so that it can initiate a crack correctly through the coating. Figure 21 

(a), (b), and (c), respectively, show a 125-μm bare fiber endface cleaved with a conventional 

fiber cleaver, a 80/125-μm coated fiber endface cleaved with the arranged fiber cleaver, and a 

photo of the cleaved coated fiber endface. The crack on the cleaved coated fiber covers a 

larger area than that on the cleaved bare fiber endface; however, the crack on the bare fiber 

part inside the cleaved coated fiber endface must reach almost the same depth as that on the 

cleaved bare fiber endface. The bare fiber part inside the correctly cleaved coated fiber 

endface forms the same mirror surface as that of the bare fiber endface cleaved with a 

conventional fiber cleaver, as shown in Figure 21(c). 

Prototype splices for 80/125-μm coated 1.3-μm single-mode fiber were fabricated using 

the above structure and design. Figure 22 shows the outer components of the fabricated splice 

for coated optical fiber connections. The dimensions of the fabricated splice are 4.0 x 4.0 x 33 

mm, which is as small as a conventional mechanical splice for bare optical fiber connections. 

The insertion losses of the splices at wavelengths of 1.31 and 1.55 μm were measured, 

and Figure 23 shows the results. The average and maximum values of the insertion losses 

were 0.26 and 0.60 dB at 1.31 μm, respectively. The results at 1.31 μm agree well with the 

calculated result; therefore, the loss of the prototype splice depends mainly on the fiber core 

offset, which depend on Cfc and s between the capillary and coated fiber, as mentioned above. 

The measured insertion losses at 1.55 μm were also below 1 dB, with average and maximum 

values of 0.21 and 0.64 dB, respectively. 

 

 

Figure 22. Photograph of assembled mechanical splice for direct coated fiber connection. 
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Figure 23. Measured insertion loss of proposed splice at wavelengths of 1.31 and 1.55 μm. 

The return losses and changes in the insertion losses during a temperature cycle test based 

on Telcordia GR-326-Core were measured. The return losses were all over 46 dB at both 1.31 

and 1.55 μm. The loss changes during the heat cycle test were less than 0.2 dB for all the 

samples. Therefore, the prototype splice exhibits good return loss and good environmental 

reliability. The time needed to cleave the coated fibers and install them in this prototype 

splice was also measured. The time needed to strip the coatings, clean and cleave the fibers, 

and install them in a conventional mechanical splice was also measured. It was found that the 

time needed for the prototype splices is 30% less than that needed for conventional 

mechanical splices. This splice can also be installed with multi-mode fibers for 

interconnection usage, and the measured results show that all the insertion losses were less 

than 0.1 dB. These experimental results reveal that our developed splice can connect coated 

single-mode fibers easily and quickly without the need for stripping and cleaning procedures. 

The optical performance and environmental reliability are good enough for the splice to be 

used in optical access networks and interconnections. 

Recently, a field installable connector for 125/250-μm coated fiber connection has been 

studied [28-29]. The connector has a fiber coating removable part. Figure 24 shows the fiber 

coating removable part and coated fiber. The coating of the inserted coated fiber is removed 

by the fiber coating removable part inside the connector. The bare fiber is then aligned and 

joined to the built-in fiber. 

 

 

Figure 24. Novel fiber coating removable part and coated fiber. 
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NEW FIELD INSTALLABLE SAGGED FIBER CONNECTOR  

FOR PHYSICAL CONTACT CONNECTION 
 

Structure of Optical Connector and Tool 
 

This section describes our new field installable connectors designed to simplify the 

connector structure. Figure 25 shows the structure of a field installable connector, which 

mainly consists of a ferrule, clamp parts, and housing. The new configuration has two 

features. The first is that inserting the optical fiber into the connector housing results directly 

in PC connection. Namely, there is no mechanical splice and no built-in fiber or optical fiber 

fixed to the ferrule. The second feature is that the PC surface is compressed by the elasticity 

of the fiber. The connector assembly procedure is as follows. First, the fiber coating is 

removed, the fiber is cleaved, and the fiber endface is tapered with the chamfering tool. Then, 

the fiber is inserted into the connector ferrule, and the inserted fiber end protrudes from the 

ferrule. After that, the fiber is fixed mechanically to the clamp parts. When the two fibers are 

connected, the fibers buckle because the fiber end protrudes from the ferrule end. The contact 

surface is compressed by the elasticity of the fiber without the need for springs. The buckling 

force results in a PC connection between the two fiber endfaces. This connector uses the same 

fiber alignment structure as the conventional connector, namely the fibers are aligned using a 

ferrule and a split sleeve. Figure 26 shows a schematic diagram of the fiber endface 

chamfering tool, which consists mainly of a grinding wheel, a motor, and a fiber holder. The 

fiber is mechanically fixed to the fiber holder. The fiber end is pressed against the grinding 

wheel with slight bending. The optical fiber end but not the core comes into contact with the 

slanted surface of the grinding wheel. The slanted surface enables the fiber endface to be 

chamfered. The motor rotates the grinding wheel, which chamfers the edge of the fiber; thus, 

chamfering the edge of the fiber endface. There are two technical issues when designing the 

proposed configuration, as shown in Figure 25. The first is the design of the fiber end shape, 

which can realize a PC connection without the need to polish the fiber endface. The second is 

the design of the buckled fiber parameters, namely the buckling and protrusion lengths. 

 

 

Figure 25. Structure of novel field installable connector. 
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Figure 26. Structure of fiber endface chamfering tool. 

 

Optical Fiber End Shape 
 

The shape of the fiber endface was designed to achieve PC connection with chafering the 

fiber endface. A simple process was used to eliminate the polishing requirement. The process 

consists of stripping, cleaving, and chamfering. The stripping and cleaving processes are used 

with conventional fiber connection techniques such as fusion splicing and mechanical 

splicing. The cleaved fiber endface has a ripple at the edge of the cleaved surface around the 

point in contact with the cleaver blade. The ripple prevents the cleaved fiber endface from 

achieving PC connection. In the chamfering process, the tool chamfers the fiber endface and 

removes the ripple. It has been confirmed that chamfering the endface enables PC connection 

without the need to polish the fiber endface [30]. The chamfered fiber endface is conical, and 

the endface shape parameters are cone diameter D, cone angle θc, and endface angle Δθ, as 

shown in Figure 25. D and θc are parameters related to the chamfering process conditions. Δθ 

is generated when the fiber is cleaved. This Δθ results in a gap between the two cores of the 

mated fibers. Axial compression force Fp is needed to overcome the gap that prevents PC 

connection. We examined the relationship between the endface shape and the Fp value 

needed to achieve PC connection.  

 

 

Figure 27. Fiber endface dependence on axial compression force. 

Figure 27 shows the experimental results we obtained for Fp when we changed Δθ and 

D. Here, the axial forces that achieved a PC connection of a fiber sample were measured with 

a force gauge and a fiber holder that clamped the fiber sample. The reflectometer was used to 
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monitor whether the fiber sample achieved a PC connection or not. We found that Fp was 

dependent on both Δθ and D. We can assume that the gap caused by Δθ increases as D 

increases at a certain Δθ. The Fp value was less dependent on θc than Δθ and D. These results 

indicate that reducing D is effective in reducing the Fp required for PC connection.  

 

 

Optical Connector Parameters 
 

We designed the parameters of the connector. The buckling force Pb is expressed by the 

following equation with buckling length Lb [31]: 
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where E and I are Young‘s modulus and the cross-sectional moment of inertia, respectively. 

Figure 28 shows the calculated Pb values. We can control the Fp needed for PC connection by 

setting Lb according to Eq. (4). The connector requires the fiber to protrude from the ferrule 

end to generate the buckled fiber. The buckled amplitude increases as the protrusion length 

ΔL increases. Any excess increase in the buckled amplitude results in fiber bending loss 

inside the connector. Lb and ΔL were designed to realize a bending loss of less than 0.1 dB. 

The bending losses for different Lb and ΔL values were calculated. Figure 28 shows the ΔL 

value that causes a 0.1-dB bending loss for Lb. We can increase the ΔL limit by increasing 

Lb. 

 

Figure 28. Buckling force and protrusion length causing 0.1-dB loss for buckling length. 

 

Design for Field Installable Connector 
 

As shown in Figure 27, it is important to clarify the Δθ range when the optical fiber is 

cleaved. The Δθ depends on the cleaver. We measured the Δθ of the fiber using commercial 
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cleavers made by three different manufacturers. We measured Δθ by using the method for 

measuring the Δθ of an angle-polished ferrule in an optical connector. We measured the Δθ 

value of 300 cleaved fiber endfaces. The maximum Δθ value was 1.5 degrees with an average 

of 0.6 degrees. Therefore, we designed a fiber endface shape that enabled PC connection even 

if the maximum Δθ was 1.5 degrees. As a starting point, we confirmed that an endface 

diameter of over 30 μm does not affect the mode field diameter. Then Fp must exceed 0.5 N, 

as shown in Figure 27, because the PC connection of a fiber is guaranteed with a Δθ of 1.5 

degrees. This compression force is obtained by setting an Lb of less than 8.3 mm, as shown in 

Figure 28. The second starting point is the minimum ΔL. It is assumed that the minimum 

target of ΔL is over 0.05 mm in terms of on-site assembly accuracy. Then, the requirement for 

Lb is over 6.2 mm for a bending loss of less than 0.1 dB, as shown in Figure 28. This Lb 

reveals that the maximum Pb that we can achieve is less than 0.9 N, as shown in Figure 28. 

The buckling force limit results in an endface diameter of less than 45 μm because the PC 

connection of a fiber with an Δθ of 1.5 degrees is guaranteed, as shown in Figure 27. When 

the target is a fiber PC connection with a Δθ of 1.5 degrees, an endface diameter of 30 to 45 

μm and an Lb of 6.2 to 8.3 mm are specified. 

 

 

Results 
 

Field installable connectors and a chamfering tool were fabricated. Figure 29(a) shows a 

photograph of the fabricated connector. The connector consists of a modified SC-type 

connector and clamp parts. The dimensions are 6 × 6 × 20 mm. The cross-sectional size is the 

same as that of an SC-type connector plug. There is space for the buckled fiber inside the 

housing. The Lb is 7 mm based on the design for PC connection of the fiber with a Δθ of 1.5 

degrees. Figure 29(b) is a photograph of the chamfering tool. The tool consists of a grinding 

wheel, a motor, and a fiber holder. The dimensions are 40 × 50 × 200 mm. The motor is 

powered by 3 AA batteries and rotates the grinding wheel. The grinding wheel chamfers the 

fiber endface at a rotation speed of 1500 min
-1

. The installed SMF was cleaved with a 

conventional cleaver and tapered with a chamfering tool. The endface shape of the installed 

SMF had a θc of 30 to 45 μm based on the design for PC connection of the fiber with a 1.5-

degree Δθ. The connector was assembled with a ΔL of 0.075 mm. The optical characteristics 

were measured when the assembled connector was connected to an SC connector plug inside 

an SC-type adaptor at a wavelength of 1.31 μm.  

 

 

Figure 29. Photographs of (a) field installable connector (b) chamfering tool. 
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Figure 30. Optical characteristics of prototype field installable optical connector (a) insertion loss 

histogram (b) return loss histogram. 

Figure 30(a) and (b), respectively, show histograms of the insertion loss and return loss 

for 60 pairs of assembled connectors. The insertion losses for 125/250-μm SMF connection 

were sufficiently small at less than 0.26 dB with an average value of 0.11 dB. The average 

return loss was 58 dB, which confirmed that all the connection points achieved PC 

connections. These results reveal that the proposed field installable connection technique 

achieves PC connection by using the chamfered fiber endface and the compression force of 

the buckled fiber. 

 

 

CONCLUSION 
 

This chapter reported the latest optical fiber connection technologies. In particular, it 

detailed current and novel field installable connectors. The current and latest mechanical 

splices with refractive index matching material were introduced. Current field installable 

connectors were also described. To install a connection, the optical fiber end must be 

stripped, cleaned, cleaved, and connected to an optical fiber using the mechanical splice 

technique, and the cable sheath is fixed in a clamp. The structure allows connection to another 

optical fiber connector in the field.  

A recently proposed splicing technique for coated fiber connection was presented. The 

splice for this technique uses a structure in which coated fibers are aligned and connected 

precisely with a capillary. The splice can be used on site more easily and safely than 

conventional splices because it does not require the fiber coating to be stripped or the fiber to 

be cleaned. The fabricated splice for 80/125-μm coated SMF connection had an average 

insertion loss of 0.2 dB and a return loss of more than 46 dB. It is confirmed that this splice is 

effective for use in advanced optical networks and interconnections. 

A new type of field installable 125/250-μm SMF connection technique was also reported. 

A connector was fabricated for this technique without using a polished fiber endface or a 

mechanical splice. The chamfered fiber endface and the buckling force of the fiber enabled 

PC connection without the need to polish the fiber endface. It was confirmed that the field 
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installable connector achieved a PC connection with a low insertion loss of 0.11 dB and a 

high return loss of over 50 dB. 
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ABSTRACT 
 

The emergence of optical fiber tapers allowed for the development of new sensing 

heads to measure physical and external parameters. In the last five years, investigation 

became more intense with the rapid development of new types of fiber such as 

microstructured fiber. This chapter aims to present the latest work based on tapers: single 

tapers, interferometers based on tapers, tapers combined with other structures such as 

Bragg gratings or surface plasmon resonance. Finally, it also describes new taper 

geometries and tapers in microstructured fiber. 

 

Keywords: Optical fiber sensors, tapers, interferometers and gratings 

 

 

INTRODUCTION 
 

Tapers fabricated in single-mode fibers are optical devices that have become important 

throughout the years. Many applications in optical communications, fiber lasers [1], 

biosensors [2] and interferometry [3] make use of optical fiber tapers. An optical fiber taper 

presents, as its fundamental characteristic, the interaction of the evanescent field of the guided 

mode with the surrounding medium. This property enables the use of these structures as an 

alternative to core-exposed fibers, commonly used in sensing. These devices are also very 

important in the conception and optimization of directional couplers [4, 5], in the expansion 

of laser beams [6] and naturally, the measurement of physical parameters such as curvature 

[7, 8]. 
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In 1981, Kawasaki et al. [4] demonstrated for the first time the importance of tapers in 

the fabrication of single-mode fiber couplers. In 1984, Kumar et al. [9] presented a taper in 

multimode fiber as an optical intensity refractometer. In 1986, Boucouvalas et al. [10] studied 

the response of taper-based couplers to the refractive index of the external medium. In 1993, 

Brophy et al. [11] built a Mach-Zehnder interferometer using two tapers in series. In 1995, 

Xu et al. [12] developed a sensor capable of measuring strain whilst insensitive to 

temperature; the structure consisted of a fiber Bragg grating written in the biconical section of 

the taper. The combination of fiber Bragg gratings (FBG) or long period gratings (LPG) with 

tapers has also been explored to increase the sensitivity of these structures to certain physical 

parameters [13, 14]. Also worth mentioning are the interferometric configurations based on 

tapers that, in 2006, allowed new sensing possibilities: a Michelson interferometer in a twin-

core fiber where the coupling between cores is assisted by a taper [15]; a modal Mach-

Zehnder interferometer based on a taper in series with a long period grating [16]; a modal 

interferometer based on a nonadiabatic taper with dimensions around 10 mm [17]. Continuing 

this line of investigation, in 2007, a modal Michelson interferometer that uses solely a taper in 

a single-mode fiber and a mirror at the fiber end was presented [18]. Two refractometers, 

adequate for biochemical sensing, based on Michelson and Mach-Zehnder interferometric 

configurations were demonstrated in 2008 [19, 20]. The configuration based on the Mach-

Zehnder was also applied as a strain sensor in 2009 [21]. 

In the last 30 years, tapers have had a very important role in fiber sensing. With the 

development of new fabrication techniques and new types of fiber, taper technology has seen 

a resurgence and the number of publications has grown in the last few years. This chapter 

intends to show this growth mainly in the last two years. 

 

 

STATE OF THE ART 
 

In this section, a brief review of the state-of-the-art in tapers as sensing elements in the 

last five years is presented. The section is divided into six topics, namely single-taper devices, 

tapers in series creating interferometers, tapers combined with fiber Bragg gratings, tapers 

manufactured in microstructured fibers, new taper geometries, and finally their application in 

biosensors. 

 

 

Single-Tapers 
 

Many types of sensors have been based on single-tapers as they are one of the simplest 

structures in optical fiber. In the last couple of years the main focus has been on the 

enhancement of sensitivities and optimization of configurations (see Figure 1). 

In 2012 several refractive index sensors were proposed based on single-tapers. An abrupt 

taper on a single-mode thin-core fiber section was proposed [25]. The section of tapered thin-

core fiber was spliced between single-mode fibers resulting in an intermodal interferometer as 

cladding modes are excited at the first interface. 
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Year Sensing Configurations 

2013 Taper + Core offset MZI for refractive index sensing [22]; Uptaper + downtaper 

MZI for refractive index sensing [23]; LPG + Taper + LPG as a MZI for refractive 

index sensing [24]. 

2012 Tapered thin-core fiber for refractive index sensing [25]; Tapered modal 

interferometer for refractive index sensing [26]; Modal single-taper MZI for 

refractive index sensing [27]; Single-taper acoustic vibration sensor [28]; Single-

taper force sensor [29]; Single-taper temperature-independent micro-displacement 

sensor [30]; Microfiber loop micro-displacement sensor based on resonance 

condition variation [31]; Single taper in multimode fiber for simultaneous strain and 

temperature sensing [32]; MZI with bi-taper on thinned cladding as a refractometer 

[33]; Thinned cladding sandwiched between two abrupt tapers MZI for refractive 

index sensing [34]; Micro-MZI with two abrupt tapers for picoliter refractive index 

sensing [35]; Refractive index sensor based on a MZI with an uptaper – downtaper 

– uptaper [36]; MZI with uptaper and core offset for bending-vector sensing [37]; 

Bi-taper MZI for lateral stress sensing [38]; Microfiber Fabry-Pérot interferometer 

with two FBGs for refractive index sensing [39]; Humidity sensor based on a taper 

coated with polyvinyl alcohol and a FBG [40]; Tapered PCF for refractive index 

sensing [41, 42]; Temperature-independent curvature sensing based on tapered PCF 

[43]; Temperature-independent MZI strain sensor based on two waist-enlarged 

SMF concatenated to a PCF section [44]; Tapered suspended-core fiber for strain 

sensing [45]; Modal interferometer with C-shaped taper for refractive index sensing 

[46]; S-taper as refractive index and axial strain sensor [47]; Micro-taper with gold 

coating for refractive index sensing through surface plasmon resonance [48]. 

2011 Single-taper acoustic vibration sensor [49]; 3-taper Mach-Zehnder refractive index 

sensor [50]; Bi-taper on thinned fiber MZI for refractive index sensing [51]; MZI 

with two waist-enlarged tapers for temperature sensing [52]; Bi-taper MZI for 

curvature sensing [53]; Inclinometer based on a taper and cleaved end Michelson 

interferometer [54]; Taper + FBG high force sensor [55]; Study of the fabrication 

order of FBG and taper [56]; Chemically tapered PCF by acid microdroplets for 

refractive index sensing [57]; MZI bi-taper on birefringent boron-doped PCF for 

strain and temperature sensing [58]; S-tapered MZI for refractive index and axial 

strain sensing [59]; Single-taper label-free detection of biomolecules [60]; Single-

taper for detection of single nanoparticles [61]; Multiple fluorescence sensing with 

tapered polymer fiber [62]; Tapered plastic fiber for refractive index sensing [63]; 

Multi-tapered fiber with gold coating for surface plasmon resonance sensing [64]. 

2010 FBG in microfiber for refractive index sensing [65]; Bi-taper + gold-coated cleave 

double-pass MZI for refractive index and temperature sensing [66]. 

2009 Bi-taper MZI for strain sensing [21]; Tapered MZI for the simultaneous 

measurement of refractive index and temperature using two different sources [67]; 

Accelerometer based on a taper, a tilted FBG and a cleaved end [68]. 
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Figure 1. Schematic representation of a single-taper in optical fiber. 

A Mach-Zehnder based on a non-adiabatic taper is also demonstrated [27]. The 

interference occurs between the first order cladding mode, excited in the downtaper, and the 

fundamental cladding mode. A modal interferometer based on a single 10 μm-diameter taper 

was reported [26]. This refractive index sensor is temperature independent and the index is 

taken by measuring the period of the measured spectra. 

Two interesting micro-displacement sensor configurations were proposed in 2012. One is 

based on a locally bent microfiber taper with a diameter of 1.92 μm [30]. This is a bi-modal 

interferometer that relies on the specific bending configuration for transforming a micro-

displacement into a spectral shift. The other forms a loop with a microfiber where the loop 

diameter is changed as a function of the micro-displacement [31]. The resonance wavelengths 

consequently shift as a function of the loop diameter resulting in a simple yet cunning 

configuration. 

Acoustic vibration sensors based on single-tapers have also been studied in recent years. 

In 2011, a sensor based on a Mach-Zehnder with a separate reference arm was proposed [49], 

while in 2012, one using non-adiabatic tapered fibers simply analyzed in transmission is 

demonstrated [28]. Another single-taper sensor developed in the last year is a high-sensitivity 

force sensor that relies on a wavelength shift [29].  

Tapers in single-mode – multimode – single-mode fiber structures were proposed for 

strain and temperature discrimination with increased sensitivity [32]. Tapers from the 

standard 125 μm-diameter down to 15 μm were fabricated on coreless multimode fiber (see 

Figure 2).  

A tenfold increase in strain sensitivity was achieved when tapering the SMS structure 

from 125 μm (-2.08 pm/με) to 15 μm (-23.69 pm/με) (see Figure 3).  

When analyzing in temperature, a slight decrease in sensitivity is found when decreasing 

taper diameter. The fact that the sensitivity to both parameters has different responses allows 

for a simultaneous measurement scheme using two tapered structures with different 

diameters. Considering the 87 μm-taper and the 25 μm-taper, resolutions of 1.6ºC and 5.6 με 

were achieved. Combining two different tapered SMS structures with different strain and 

temperature sensitivities it is possible to measure strain and temperature simultaneously. 

 

 

Figure 2. Schematic representation of a taper in a coreless multimode fiber. 
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Figure 3. Relationship between strain sensitivity and taper waist diameter. For the theoretical 

approximation a value of κ0 = -1.28 pm/με was used [32]. 

 

Mach-Zehnder Interferometers 
 

Mach-Zehnder interferometers (MZI) are very popular configurations. The most basic 

configuration is the fabrication of two tapers in series along a fiber [11] (see Figure 4). In the 

last two years, most of the papers published on optical fiber sensors based on tapers are 

Mach-Zehnder configurations. 

Many Mach-Zehnder interferometers as refractometer configurations were proposed in 

the last years. In 2011, a bi-taper created on an already taper-thinned fiber section was 

reported [51]. This MZI configuration allows for a maximum sensitivity of 2210.84 nm/RIU 

at an external refractive index of 1.40.  

 

 

Figure 4. Schematic representation of a bi-taper in optical fiber, very common configuration for a 

Mach-Zehnder interferometer. 

A similar bi-taper configuration where the fiber is thinned by chemical etching instead of 

tapering allows for a sensitivity of approximately 580 nm/RIU [33]. A MZI with two ultra-

abrupt tapers (1:1), fabricated by concatenating instead of tapering, and where the cladding 

between tapers is thinned by chemical etching was published in 2012 [34]. This configuration 

reaches a sensitivity of 665 nm/RIU. A MZI formed by three cascaded single-mode fiber 

tapers where the central weak taper is sandwiched between two stronger tapers to enhance 
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sensitivity to refractive index is proposed in 2011 [50]. A micro MZI formed by two abrupt 

tapers with a separation of 179.5 μm was proposed in 2012 [35]. This very small MZI can be 

used to measure the refractive index of picoliter-volume drops and has sensitivities of 600 and 

4000 nm/RIU at around 1.34 and 1.61 μm respectively. Besides downtapers, interesting 

configurations can be made with uptapers. In 2012, an uptaper pair with a downtaper in 

between was implemented as a MZI for refractive index sensing [36]. The uptapers were 

produced by fusion and the downtaper by stretching. In 2013, a pair uptaper-downtaper also 

combined to form an MZI was shown to have a high-quality interference spectra and a 

sensitivity of 82.8 nm/RIU in the range 1.333-1.3869, similar to the previous one [23]. 

Combining a single-mode abrupt taper with an off-core section, a MZI was demonstrated 

[22]. At the taper, the core mode is coupled into cladding modes which are then recoupled at 

the offset back to the core. 

MZI based on tapers are also applied as bending sensors. A simple example is a bi-taper 

that when kept straight has no interference pattern but when bent presents an interference 

pattern in the transmission spectrum [53]. In 2012, a more interesting MZI configuration 

allows for the measurement of the bending vector [37]. This configuration consists of a 

lateral-offset and an uptaper. The lateral offset breaks the cylindrical symmetry and defines 

two directions along which the bending response is different allowing for vector sensing. An 

inclinometer was also proposed where the sensing head is composed of a single-taper and a 

cleaved fiber end [54]. This works as a Michelson interferometer since the light passes twice 

through the taper. Local lateral stress can also be measured using a bi-taper MZI [38]. 

A MZI consisting of two uptapers fabricated by fusion was implemented as a temperature 

sensor with a sensitivity of 70 pm/K [52]. A different approach to a bi-taper MZI was taken 

by Lu et al. using two different sources (S-band and C/L-band light sources) to discriminate 

refractive index and temperature simultaneously [67]. A double-pass bi-taper MZI was 

characterized as a refractive index and temperature sensor [66]. Here, a tip with a bi-taper and 

a gold-coated mirror end allows light to traverse the bi-taper twice, effectively doubling the 

sensitivities of the sensor. 

 

 

Tapers and Fiber Bragg Gratings 
 

Fiber Bragg gratings (FBG) have been successfully employed as fiber sensors for many 

years and are one of the most successful fiber sensors implemented to date. In recent years, 

new fiber Bragg grating configurations have become possible due to new fabrication 

techniques such as femtosecond laser inscription. Fabricating FBGs in tapers and microfibers 

can enhance sensitivities and allow for new sensors (see Figure 5). 

 

 

Figure 5. Schematic representation of a fiber Bragg grating written on the tapered region of a fiber. 
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In 2010, a FBG fabricated by femtosecond laser in a microfiber with 2 μm-diameter was 

proposed for refractive index sensing [65]. Due to the microfiber diameter and the fabrication 

method, the FBG is exposed to the surrounding medium without any etching process common 

in other configurations. In 2012, also for refractive index sensing, a Fabry-Pérot cavity is 

produced by fabricating a taper in the center of a FBG [39]. Using a flame-brushing 

technique, a microfiber is created in the middle of the FBG resulting effectively in two FBGs 

separated by a taper, and thus forming a Fabry-Pérot interferometer. 

Combining FBGs and tapers, other sensors have been demonstrated. In 2009, an 

accelerometer based on an abrupt taper and a tilted FBG was reported [68]. A force sensor 

where an FBG is fabricated in a uniform waist taper of a photosensitive fiber was reported in 

2011 [55]. By writing a FBG on a taper, the force sensitivity can be increased in several 

orders of magnitude when compared with FBGs in conventionally sized fibers. In 2012, a 

relative humidity sensor was built combining a multimode fiber taper coated with polyvinyl 

alcohol and a fiber Bragg grating [40]. Humidity changes the refractive index of the coating 

and thus the transmission losses. In 2011, the chronological order of tapering and FBG 

inscribing was studied [56]. It was ascertained that tapering the fiber Bragg grating region 

results in a Fabry-Pérot cavity while inscribing the FBG in the tapered region results in a 

phase-shifted Bragg grating. 

In 2013, a MZI consisting of taper sandwiched between two long-period gratings is 

proposed for refractive index sensing [24]. This sensor is applied for real-time fuel 

conformity analysis. 

 

 

Tapers in Microstructured Optical Fibers 
 

Tapering microstructured optical fibers (MOF) is not as linear as tapering standard 

single-mode or multimode fiber. Hole collapse and cross-section deformation can change the 

guiding conditions which can be undesirable. Sometimes, this deformation is the objective of 

tapering (see Figure 6). 

Again, refractive index sensing is the main sensing application of tapers in MOFs. A 

tapered standard Photonic Crystal Fiber (PCF), chemically etched with acid microdroplets 

was demonstrated to have a sensitivity of 750 nm/RIU in the range 1.3577 – 1.3739 [57]. 

 

 

Figure 6. Schematic representation of a tapered photonic crystal fiber. 

A slightly tapered PCF by flame-brushing was studied and an optimal sensitivity of 1600 

nm/RIU is predicted [41]. A temperature independent refractometer based on a tapered PCF 

Mach-Zehnder interferometer was proposed in 2012 [42]. A very high sensitivity of 1529 

nm/RIU was obtained in the range 1.3355 – 1.413. 
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Other sensors have been developed such as a temperature-independent curvature sensor 

based on a tapered PCF Mach-Zehnder interferometer not unlike the previous one [43]. A 

different configuration where two waist-enlarged tapers are spliced to a PCF section to form a 

MZI for strain sensing [44]. A simultaneous strain and temperature sensor was proposed 

using a bi-taper on a birefringent boron-doped fiber [58]. This configuration can discriminate 

between strain and temperature taking use of the visibility and fringe displacement 

parameters, as they are both sensitive to both physical parameters. 

Tapers in suspended-core fiber with different cross-section diameters were produced by 

filament heating (see Figure 7) [45]. Tapering the suspended-core fiber leads to the reduction 

of the number of guided modes in the silica-air core. This is visible in the change from a 

typical multimode interference spectrum at low diameter reduction to an interference between 

few modes at higher diameter reduction. Analyzing the strain sensitivity of the tapered 

structures, an increase in sensitivity is readily detectable even for a small diameter reduction. 

A 73% increase in sensitivity from the 120 μm-taper to the 70 μm-taper is detected (see 

Figure 8). The sensing heads are also insensitive to temperature.  

 

 

Figure 7. Schematic representation of a tapered suspended-core fiber. 

 

 

Figure 8. Wavelength shift as a function of applied strain for two different diameter tapers in 

suspended-core fiber [45]. 
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These tapered suspended-core fiber structures have advantages when compared to normal 

fiber tapers as sensing elements. Besides having enhanced strain sensitivity, they also have 

very low temperature sensitivity and are protected from external medium perturbations due to 

the strong confinement of light in an air-silica waveguide. 

 

 

New Taper Geometries 
 

In recent years, tapers with unconventional shapes, whether along the length of the taper 

or as a cross-section, have started to appear in literature. A new line of investigation may be 

starting. In 2011, an S-shaped fiber taper Mach-Zehnder interferometer was proposed and 

fabricated by applying non-axial strain while pulling the fiber [59] (see Figure 9).  

This configuration was applied as a refractometer and a strain sensor. Enhanced 

sensitivities were achieved when compared to traditional two-taper-based MZI sensors. 

 

 

Figure 9. Schematic representation of an S-shaped taper in optical fiber. 

In 2012, perfected fabrication of these structures led to an increase in both sensitivities 

taking the refractive index sensitivity from 1590 nm/RIU to 2066 nm/RIU in the refractive 

index range of 1.407-1.421, and the strain sensitivity from 60 pm/με to 183.4 pm/με [47]. 

These structures were produced in a commercial fusion splicer. A similar approach, but using 

a flame-brushing technique, lead to a C-shaped fiber taper modal interferometer for refractive 

index sensing with sensitivities much higher than two-taper-based sensors [46]. 

Also in 2012, fiber tapers etched using a microdroplet of hydrofluoric acid were produced 

[69]. These tapers have a cross section the shape of a teardrop which leads to a high group 

birefringence of approximately 0.017.  

 

 

Tapers as Biosensors 
 

Tapers in optical fiber also have biological applications. Some examples are the label-

free detection of biomolecules using a taper in single-mode fiber [60]. The biosensor was 

evaluated with an Immune globulin G antibody-antigen pair. A subwavelength taper was used 

for the detection of single nanoparticles [61]. Here, with each nanoparticle that binds to the 

taper surface, the transmitted light power shows an abrupt jump. Fluorescence measurements 

were demonstrated using a tapered polymer fiber [62]. Two cases were studied: one where the 

fluorescent dyes were deposited on the taper and one where the dye is diffused into the fiber 
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taper by heating. A tapered plastic fiber was studied as a biosensor for the measurement of 

bacteria concentration through the measurement of refractive index [63]. 

Surface plasmon resonance (SPR) based sensors have become increasingly popular to 

study biochemical reactions and identify biological entities. In 2011, a multi-tapered fiber 

coated with a gold film was analyzed as a refractive index sensor based on SPR [64]. Here, 

the influence of multiple tapers was studied in depth. In 2012, a similar refractive index 

sensor based on SPR with a gold coated micro-taper was developed [48]. 

 

 

CONCLUSION 
 

This chapter shows that taper-based technology can still solve many problems in fields 

like engineering and biomedical sciences. The combination with other sensors can solve the 

cross-sensitivity to temperature for the simultaneous measurement of several physical 

parameters. Using current technology it is still possible to develop new sensors namely by 

reducing even further the taper dimensions down to nanosensors. Nevertheless, many 

applications are still to be explored. The last section of the state-of-the-art presents new 

applications in biosensing including the combination of surface plasmon resonance with 

tapers. This combination of a physical effect with a taper can not only lead to new 

sensitivities and resolutions of interest to the scientific community, but also to new products 

in the optical fiber sensor market. 
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ABSTRACT 
 

The fields of activity in civil engineering are subjected to a constant change. Thereby 

maintenance, strengthening and monitoring of existing buildings have become more and 

more important. During the last ten years an increasing amount of Carbon Fiber 

Reinforced Polymer (CFRP) applications to rehabilitate damaged concrete or steel 

elements was observed. Thereby some important disadvantages of the brittle materials 

must be considered, for example the low ductility of the bond between CFRP and 

concrete and brittle failure of FRP. 

With embedded sensor systems it is possible to measure crack propagation and 

strains. In this paper a sensor based CFRP system will be presented, that can be used for 

strengthening and measuring. The used optical fibers with Fiber Bragg Gratings (FBG) 

have a large number of advantages in opposite to electrical measuring methods. 

Examples are small dimensions, low weight as well as high static and dynamic resolution 

of measured values. A Bragg Grating consists of a periodic sequence of artificial and 

equidistant refraction switches in the core of an optical fiber. It can be produced over 

emblazing of an interference pattern of ultraviolet light. The core is surrounded by 

cladding. The main problem during the investigations was the fixing of the glass fiber 

and the small FBG at the designated position.  

In this paper the possibility of setting the glass fiber with embroidery at the 

reinforcing fiber material will be presented. The direct embroider of the optical fiber (and 

the FBGS) clearly simplifies the fixing. An embroidery machine, using computerized 
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support, is able to fix the fiber optical system accurately fitting at the carbon fiber 

material. 

By using computer-controlled machines it is possible to achieve a very high degree 

of prefabrication as well as a high productiveness. The economic industrial fabrication of 

smart structures can be realized. Another possibility is the direct converting at the 

building site by handmade lamination with an epoxy resin. On the basis of four point 

bending tests on beams (dimensions of 700 x 150 x 150 mm) and confined columns the 

potential of the Smart CFRP system is introduced.  

 

Keywords: SHM applications (aerospace, marine, railway, automotive, pipelines, civil 

engineering, energy generation and distribution, production, etc.) 

 

 

INTRODUCTION - MONITORING AND SMART COMPOSITE 

STRUCTURES MONITORING IN CIVIL ENGINEERING 
 

The fields of activity in civil engineering are subjected to a constant change. Thereby 

maintenance, strengthening and monitoring of existing buildings have become more and more 

important. This tends to result in smaller investment for new buildings and significant 

increase for cost for maintenance and observation. These arrangements should start as early as 

possible and must be carefully maintained. In many cases this convention was not hold in the 

past. A lot of cases of damage at buildings at the age of 30 till 50 years underline this fact. 

The reasons for damages are manifold and reach from faulty construction till unpredictable 

natural phenomena [1]. Among other things natural facts have caused a stronger focus on 

building monitoring by publicity. One contribution for a safe structural monitoring can be 

given by modern measurement techniques. They allow a blanket assessment of the actual 

situation additionally to visual controls. Thereby a clear distinction between temporary and 

permanent measurement should be made. For permanent measurement rugged measurement 

systems are needed. Electrical systems like strain gauges are not the best alternative. Hence 

optical measurement systems move over to the foreground. 

 

 

STRUCTURAL SITUATION IN EUROPE – BUILDING SITUATION 
 

European-wide examinations prove the high importance of older existing buildings. 

Studies in big European countries like France or Great Britain show that the fraction of 

apartments in older buildings (more than 20 years old) takes a portion of 75 percent of the 

whole floor space. It is very important to protect these fundamental economic resources. One 

possibility of an effective and sustainable maintenance can be smart composite structures, 

which contain Fiber Reinforced Polymer and integrated fiber optical measurement systems. 

 

 

FROM FRP TO SMART COMPOSITE STRUCTURES 
 

Fiber Reinforced Polymers (FRP) have got more and more important during the last 

decade. The fields of application are widespread and not only focused on civil engineering. In 
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civil engineering the main usage of FRP is the repair of concrete structures. But also for other 

building materials, for example wood constructions, FRP can be used. In the majority of cases 

carbon fibers are used as reinforcing material. Reasons are the superior technical properties of 

Carbon fibers compared to other high-strength fibers like glass fibers or aramid fibers [1]. 

Table 1 shows the properties of different fiber types. The high modulus of elasticity and the 

great tensile strength of carbon can be seen clearly. The Carbon Fiber Reinforced Polymer 

(CFRP) arises when circa 70 vol.-% high-strength carbon fibers are embedded into an epoxy 

matrix. The number of products of CFRP for reinforced concrete (RC) constructions is huge. 

Examples are at the surface bonded CFRP laminates or sheets as well as laminates which are 

placed in slots at the concrete surface. Furthermore it is possible to prestress CFRP laminates. 

Another favorable way is to combine these different types.  

 

Table 1. Properties of different fiber types 

 

Fiber type Density 
Axial tensile 

strength 

Axial modulus of 

elasticity 
Breaking strain 

[-] [g/cm³] [kN/mm²] [kN/mm²] [%] 

Glass 2.57 2.60 75 3.50 

Aramid 1.45 3.00 110 - 125 2.40 - 2.70 

Carbon 1.80 3.53 - 4.90 230 1.50 - 2.10 

 

For example the combination between prestressed and in slot bonded laminates can be 

realized. Main fields of application are strengthening of RC beams under flexural tension and 

shear as well as the retrofitting of columns with wrapped CFRP sheets. 

Failure types of FRP materials can differ. Main types of failure can be the cracking of the 

reinforcing fiber or matrix and the bond failure or delamination between fiber and matrix. The 

stiffness of the fiber material, form, amount and orientation of fiber, the bond between fiber 

and epoxy matrix as well as the matrix properties affect the stiffness and resistance of the 

FRP material. Besides the types of failures of the composite material, the bond behavior 

between FRP and concrete surface is very important. In particular this contact zone is critical 

for the design of CFRP strengthened concrete structures. Above all in structures under 

bending moment the small tensile strength of concrete is the most important parameter for the 

bond bearing strength. Figure 1 shows the delamination of a CFRP sheet during a 

displacement controlled four point bending test. The delamination started in this case at the 

last bending crack. In figure 1 also the failure mode of a wrapped concrete column can be 

seen. In this case the cracking of the reinforcing fiber (after reach of ultimate strain) was the 

failure type. 

The described failure types happen very fast and often without any previous notice. A 

ductile behavior of the strengthened structural element can not be achieved under this term. 

But assurance is essential in civil engineering. Furthermore it is not comprehensively clarified 

if the constancy of the bonding between the different partners will be assured over a long time 

or under dynamic load. 

With adequate measurement systems it might be possible to realize a safe monitoring to 

control the powerful but brittle CFRP strengthening systems. With optical measurement 

systems, which base on glass fibers, one can integrate the sensor system in the FRP material 
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[2]. The name of such materials is smart composite. These structures have the ability to 

measure their own mechanical behaviors and to give a solid feedback. The most important 

representatives under the fiber optic measurement systems are the Fiber Bragg Grating 

Sensors (FBGS). 

 

  

Figure 1. Destroyed concrete beam and column after failure of CFRP material. 

 

PROPERTIES OF FIBER BRAGG GRATING 

CONFIGURATION AND ASSEMBLY 
 

A Bragg Grating consists of a periodic sequence of artificial and equidistant refraction 

switches in the core of an optical fiber [3]. It can be produced over emblazing of an 

interference pattern of ultraviolet light. The core is surrounded by cladding. The refraction 

index of both is different and this results in total reflection of inducted light λ. 

 

 

Figure 2. Glass Fiber with Bragg Grating. 

For mechanical protection the glass fiber gets an additional coat of synthetic material. 

This coating can consist of polyimide and prevents the infiltration of water and hydrogen. The 

maintenance of the safety function is very important, in order to guarantee an error free and 

durable FBG unit. For the production of FBG in optical fibers it is necessary to have powerful 

ultra violet laser with wavelength of circa 240 ... 250 nm. These will be apportioned in two 

bales. This generates a pattern with a period Δ. This period is addicted by the angle of the 

laser. Δ describes thereby the distance between two interference maxima in the pattern. At 

every maximum a change of the refraction index will happen, whereby the actual pattern 

develops. The coating must be removed before producing the FBG. This means an additional 

stress for the optical fiber. Particularly a decrease of strength in these areas might be possible. 
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It is also possible to write the FBG into the optical fiber during the production of the optical 

fiber. 

 

 

THEORETICAL BACKGROUND 
 

Because of the emblazed interference pattern a reflection of inducted appointed light 

wavelength is possible. Light with the Bragg wavelength λB will be reflected [3]. This means 

that light of inducted spectrum will be reflected according to equation (1). 

 

 (1) 

  

where λB = Bragg wavelength, neff = effective refraction index and Δ = period of diffraction 

grating. 

This term of the light spectrum will be missing in the penetrated array. With equation (1) 

it is possible to clarify the measuring principle of FBG. A change of the period of diffraction 

grating results in an adjustment of the Bragg wavelength. Now other spectra of light will be 

reflected. These modifications can be activated by strain or temperature and then changes can 

be measured. The change of strain in the optical fiber can be explained with equation (2). 

 

 (2) 

 

where ΔλB = change of Bragg wavelength, pe = photo elastic component ≈ 0.22 and Δε = 

change of strain. 

Besides the monitoring of strain in structural elements the temperature measurement will 

be of interest. Also in this area FBGS can be used. With equation (3) the change of 

temperature can be considered. 

 

 (3) 

 

where α = thermo-elastic coefficient, ξ = thermo-optic coefficient and ΔT = change of 

temperature. 

Equation (3) shows that the simultaneous change of strain and temperature results in a 

modification of wavelength. With equation (2) and equation (3) the following combination is 

feasible in which strain and temperature are considered. 

 

 (4) 

 

For explicit strain measurements it will be necessary to perform a compensation of the 

temperature influence. One possibility is an additional FBG only for temperature 

measurement in mechanically decoupled areas. These FBG can be emblazed at the same 

optical fiber. 
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MULTIPLEXING OF SEVERAL FIBER BRAGG GRATING 
 

One important reason for continuing propagation of Fiber Bragg Gratings should be seen 

in the ability of Multiplexing [4]. One FBG can measure strain or temperature changes only at 

one point. But there is the possibility to distribute several Bragg Gratings at one optical fiber. 

The geometrical arrangement along the length of the fiber can be varied. In figure 3 such a 

disposition is shown. 

 

 

Figure 3. Multiplexing. 

At every single Bragg Grating light spectrums will be reflected, which obey equation (1). 

A determination of the different Bragg Gratings is possible because of the variation of the 

period of diffraction grating between the various FBG. In such a way a distributed and 

wavelength coded sensor is developed. 

The variation of the period of diffraction means that a preferably wide-band light 

spectrum must be inducted into the optical fiber. This works with strong light emitting diodes 

and with laser technique.  

The analysis of the reflected light spectrums can be done with different methods. Thereby 

a differentiation in active and passive optical filters as well as interferometric and spectral 

measurement systems is possible.  

The spectral analysis is possible with a spectrometer and allows the direct measurement 

of the Bragg wavelength. 

 

 

USE IN FRP FOR CONCRETE STRUCTURES POSSIBILITIES  

FOR CONCRETE CONSTRUCTIONS 
 

The advantages of fiber-optic measurement systems compared to classical electric 

measurement procedures are great.  

Examples are the small dimensions and the low weight as well as the high static and 

dynamic resolution of measurement values. Other advantages are the insensibility towards 

electromagnetic radiance and the most chemicals. By the use of glass fibers, in which the 

FBG are emblazed, it is possible to integrate the sensor system directly into building materials 

like concrete or FRP.  

In figure 4 the relative dimensions of a strain gauge and a FBGS plus reinforcement steel 

are shown. 
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Figure 4. Relative dimensions of reinforcement steel, glass fiber and strain gauge. 

Because of the favorable properties of FBGS, different applications for reinforced 

concrete constructions become possible [5, 6]. So it is possible to integrate the FBG sensor 

system in reinforcing bars. This can be done by making a groove in the reinforcing bar in 

which the optical glass fiber can be placed and fixed with epoxy resin. The distribution of 

strain along the length of the steel bar can be measured by multiplexing of several FBG as 

introduced in chapter 2.3. The results can be used to explore non-linear effects like tension 

stiffening. But there is a problem, because the bound between reinforcing bar and optical 

fiber/FBG must be realized by the epoxy resin. So careful arrangement of the FGB‘s is very 

important for realistic results.  

The direct use in the concrete matrix is still harder because of the small long term 

durability of the coating around the glass fiber in alkaline medium. Moreover the optical glass 

fibers have to be especially protected because of their small proportions. The fitting and 

adjustment of the optical fibers/FBGS in concrete must be done with care. 

 

 

USE IN FRP 
 

The problems discussed in chapter 3.1 can be avoided with the use of Fiber Bragg 

Gratings in Fiber Reinforced Polymers [2]. The direct embedding in the epoxy resin allows 

exact strain measurement in the material. So mistakes are minimized during the monitoring. 

The epoxy resin is thereby an effective protection for the optical fiber. 

CFRP systems for retrofitting of concrete structures with optical sensors have already 

been discussed in several publications. It could be shown that the reinforcing function of the 

CFRP can be ideally combined with the measurement and monitoring functions of the optical 

sensors like FBGS. Lu and Xie [7] accomplished strain measurements in smart CFRP sheets 

with FBGS. The sheets reinforced the tension zone of concrete beams, which were also 

arranged with FBGS sensors in the compressive zone and the reinforcing bars. For control 

extra electrical measurement with strain gauges was carried out. The results showed a very 

good agreement and it was possible to monitor the whole strain distribution of the profile. So 

it is possible to get better understanding of the non-linear behavior of CFRP reinforced 

concrete beams. It is a chance for more safety and sustainability. 
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It also was possible to get first results with fiber optical measurement systems at real 

constructions. Bastianini et al. [8] were able to localize and monitor failures between concrete 

surface and the used CFRP system at inaccessible sites. FBGS can measure lateral stress and 

cracks in cross direction in FRP. 

There is no information about damage of the CFRP laminate in publications. 

Consequently it is possible to develop intelligent smart structures, which are able to reinforce 

concrete structures because of their potentials to measure a multitude of mechanical states 

over a long time. 

 

 

SETTING THE GLASS FIBER WITH EMBROIDERY 

SENSOR-BASED TEXTILE CLUTCH 
 

For an effective production of smart structures, it is very important to fix the optical fiber 

sufficiently during the production and the lamination of the FRP material. Especially the 

placing of the fiber in a particular design is complex and must be done carefully.  

One possibility to realize any designs of sensor arrangements can be seen in 

embroidering the optical fiber directly on a carrier material. In this case the carrier materials 

are the reinforcing fibers which are often arranged as webs or clutches (for example carbon 

fiber clutch, like in figure 6). If only a uniaxial state of stress has to be measured, the fixing of 

the fiber can be easily done. The fixing can be realized with epoxy resin, because of the linear 

direction of the fiber. But if it is necessary to measure biaxial stress conditions (or if 

temperature compensation is needed) more difficult fiber courses will be required. Some 

minimum radiuses must be applied if the direction of the fiber changes. So the stress, caused 

by breaks, for the fragile fibers can be minimized. The adaptation at the designated courses of 

the optical fiber by hand is now very difficult. The selective fixing (epoxy resin) causes a lot 

of problems, and often it does not bring the optimal results. The direct embroider of the 

optical fiber (and the FBGS) clearly simplifies the fixing. An embroidery machine, using 

computerized support, is able to fix the fiber optical system accurately fitting at the carbon 

fiber material.  

By using computer-controlled machines, like shown in figure 5, it is possible to achieve a 

very high degree of prefabrication as well as a high productiveness. The economic industrial 

fabrication of smart structures can be realized. 

 

 

Figure 5. Courses of optical glass fibers with FBG on smart CF-composites. 
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Figure 6. Production of sensor based CFRP (First: embroider of optical fiber; Second: lamination by 

hand at building site). 

In figure 5 the direction of an optical fiber with FBG for strain and temperature 

measurement is demonstrated. With this method it is possible to fix the Fiber Bragg Gratings 

close to these locations where strain monitoring is wanted. Through the embroidery method 

the direct mechanical bond between optical fiber and carbon fiber clutch is possible. Now the 

sensor based carbon fiber textile can be easily industrially laminated. Another possibility is 

the direct converting at the building site by hand made lamination (cf. figure 6). 

Broadband light spectrum can be inducted and the reflected light can be analyzed with 

connections shown in figure 5 (link). The transport of the light spectrum over long distance is 

possible by further using glass fibers. 

 

 

PROCESSING 
 

The most important question during the embroider tests was, if the optical fibers or the 

reinforcing fibers would be damaged or influenced through the embroider procedure. With 

tension tests at CFRP sheets, without FBGS and with FBGS, it was possible to detect that 

there were only marginal losses of bearing strength and stiffness. Damages at the glass fiber 

and the FBG will be less if computer-controlled machines are used. With directly following 

spectral measurements at the fiber after the embroider procedure an effective quality check is 

possible. In fact the laminating processes with epoxy resin as well as the application of the 

sensor-based sheets at concrete structures (figure 6) were possible without problems. 

 

 

EXPERIMENTS WITH CFRP REINFORCED BEAMS AND COLUMNS 
 

In the context of the „regional Wachstumkern highStick― technical textiles like carbon 

fiber sheets (CF clutches) are to be embroidered with optical fibers, to test the effectiveness of 

the strain measurement of the developed smart composites. For this purpose it was necessary 

to create reinforced concrete beams as well as short concrete columns. In 4 point bending 

tests (beams) and compression tests (columns) the significant changes of strength and strain 

were researched. 
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FOUR POINT BENDING INVESTIGATIONS WITH RC BEAMS  

(TEST PROGRAM 1) 
 

The length of the used specimens conducted 70 cm (dimensions of 700 x 150 x 150 mm) 

and they consisted of high strength concrete as well as two reinforcing bars (diameter 6 mm) 

as bending reinforcement. All in all 3 beams were produced. At first the test beams were 

loaded in a deflection controlled four point bending test up to a crack width of 0.40 mm. 

Thereby it was possible to simulate a realistic measure of redevelopment and to bring the 

beams into the cracked status. Thereafter the application of the sensor based CF sheets 

(tensile strength: 3 900 N/mm², elastic modulus: 230 000 N/mm², thickness: 0.11 mm) 

followed with an epoxy resin at the surface of the tensile zone of the concrete beams. For the 

deflection controlled tests displacement transducer were used as well as load cells to get load 

deflection curves and load strain curves of the bending tests. Figure 7 explains the whole test 

set-up and the used equipment.  

The CFRP sheets were glued (like shown in figure 7) at the underside in the tensile zone 

of the concrete beams. The CFRP material was appointed with an optical fiber with one FBG 

by use of the embroider technique. The orientation of the optical fibers carried out in 

longitudinal direction in the middle of the sheet. Furthermore the optical fiber was arranged 

parallel by use of a kink as turning point (beam 1). For checking of the optical strain 

measurement strain gauges were used additionally. They can be seen in figure 7 at the right 

hand side.  

Every strain gauge was ranged alongside the particular FBG. Furthermore the nitriding 

optical fibers and the arrangement of the used FBG can be seen. It is also possible to 

recognize the good integration in the epoxy matrix. Through the arrangement of the FBG in 

the middle of the beams it was possible to compare the strain measurements of the FBG. 

Furthermore it was possible to compare the electrical measurement system (strain gauge) 

directly with the results of the FBG. The results of the strain measurement with the bragg 

gratings, because of bending stress, can be seen in figure 8. 

 

 

Figure 7. Test set-up of the four point bending test and arrangement of the optical fiber measurement 

system (Test program 1). 

The agreement between the FBG strain measurements of the three beams was good by 

trend. The beams 1 and 2, which were loaded up to the failure, presented a good agreement, 

especially before and after the failure. The beams 2 and 3, in these cases the arrangements of 

the optical fibers were the same, showed in the strain area in range from 1 000 to 4 000 μm/m 

a very good agreement. The comparison of the results of the FBG strain measurement with 
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the results of the strain gauges (figure 8) show, that an efficient monitoring of the strain 

development inside of the CFRP Sheets was possible. The curves present a good convergence 

between electrical and optical measurement methods at the three test beams (B1, B2, B3). 

The achieved results clarify the capability of the nitrogenized FBG sensor system. A damage 

or detraction of the optical glass fiber because of embroider or of the laminating did not 

appear. 

 

 

FOUR POINT BENDING INVESTIGATIONS (TEST PROGRAM 2 AND 3) 
 

After the satisfying tests with optical fibers with only one FBG, new experiments with 

three FBG at one fiber should be investigated at three concrete beams with the same setting as 

in the chapter before. For this purpose the optical fiber was again arranged parallel by use of a 

kink as turning point. The control of the optical strain measurement was once more realized 

with a strain gauge, which was arranged in the middle of the CFRP sheet. FBG 1 and 2 were 

used for strain measurement in the middle of the beam at each side. The FBG 3 was arranged 

in the turning point to realize temperature compensation. 

 

 

Figure 8. Load strain curves of strain gauge (SG) und Fiber Bragg Grating (FBG) (Test program 1). 

Thereby it was to analyze if the arrangement in the breaking point assures an adequate 

mechanical decoupling to realize an independent temperature measurement. The load strain 

curves explained in figure 9 (left hand side) show a good agreement between the results of the 

strain gauges and the average values (FBG av) of the two in lengthwise placed FBG 1 and 2. 

However between the FBG 1 and 2 arranged at beam 1 irregularities between the 

measurement results were assessed. Reasons for these results can be bending cracks near the 

FBG position, which create different strain states at the FBG measurement points because of 

the non-linear behaviour of the reinforced concrete beams (concrete, reinforcing bars, CFRP 

material). The results attest that it is possible to nitrogenize several FBG, grouped at one 

optical fiber, at a CF clutch free of failure. The analysis of all FBG was possible. Thereby it 

worked to create temperature compensation by the use of FBG 3 in the breaking point.  
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Figure 9. Load strain curves of strain gauge and FBG by use of concrete C60/75 (h) (Test program 2 

and 3) and C30/37 (n) (Test program 3). 

In test series 3 the effects of a concrete with normal strength (C30/37) (n) were 

monitored. Furthermore a new sensor arrangement at the CF sheet was sampled (figure 9 

right hand side). More over all, bending cracks of concrete tension zone were investigated. 

These facts and a very careful laminating of the CFRP System guarantied the very good 

agreement between the results of the strain gauges and the average values (FBG av) shown in 

figure 9 on the right hand side. Bending cracks near FBG were the reasons for irregularities.  

 

 

EXPERIMENTS WITH CONFINED SHORT CONCRETE COLUMNS 
 

To test the new smart CFRP system, different concrete members were strengthened and 

tested. 

 

Table 2. Experimental results 

 

 fcc fcc/fco εcc εcc/εco εl,FBG 
εl,SG,ma

x 

 

 [N/mm²] [-] [‰] [-] [‰] [‰] 

1 72.7 1.74 15.69 7.57 14.87 9.26 

2 66.4 1.59 12.40 5.99 14.10 7.72 

3 68.2 1.63 14.00 6.76 16.54 7.83 

 69.10 1.65 14.03 6.77 15.17 8.27 

 

So for example short concrete columns were confined and the significant changes of 

strength and strain (of the used concrete) researched. In table 2 the test set-up and the main 

properties of the columns can be seen. 

In figure 10 the stress strain curves of the first specimen are shown. It can be seen, that an 

efficient monitoring of the strain development inside of the CFRP sheet was possible. The 

curves present a very good convergence between electrical and optical measurement methods. 

Short Concrete Column

strength category: C30/37
FBG 2

FBG 1

CFRP-Sheets:

Tensile strength: 3900 N/mm

Elastic modulus: 230.000 N/mm

thickness: 0,11 mm
Layer: 2

width: 150 mm

Strain Gauge

Integrated Optical

Fiber with 2 FBG 
[cm]

Pressure
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Thereby only the FBG system guarantied a save measurement till the ultimate strain of the 

carbon fibers at nearly 1.5 % (see also table 2 εl,FBG). All strain gauges (SG) showed failure at 

approximate 0.8 % (table 2: εl,SG,max). Furthermore it also works to find out the area of failure 

inside the CFRP material, like shown in figure 10 (right hand side). In this case the ultimate 

strain inside the CFRP material was reached near FBG 2. In table 2 the ultimate stress (fcc) 

and strain (εcc) of the three specimens in opposite to the results of plain concrete columns (fco, 

εco) are shown. It clearly can be seen, that a high raise of strength and strain is possible with 

the used sensor based CFRP sheets. 

 

 

Figure 10. Stress strain curves of strain gauge (SG) and FBG average (FBG av) of column 1 and 2. 

 

CONCLUSION 
 

Structural monitoring will become more important because of the increasing age of the 

existing buildings. The precious economical resource building-asset must be monitored and 

repaired carefully. One possibility to monitor and reinforce existing concrete structures is 

given by the embedding of optical fibers with FBG in Carbon Fiber Reinforced Polymer 
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(smart composite). The small proportions of optical glass fibers allow very flexible strain and 

temperature measurements inside of the CFRP material. Advantages like the high tensile 

strength of the CFRP material will not be influenced by the FBG sensor system. But the 

arrangement and fixing of the optical fibers and the FBG at the right position is problematic. 

The presented embroider method enables an accurate and reproducible fixing method. 
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ABSTRACT 
 

Every rhythm, rate and force in the form of heart beat, respiratory rate, blood 

pressure, temperature, etc. are vital signs of life required for monitoring, as they offer 

clues to a medical condition, and are harbingers of critical health situations or death once 

on the decline. Today‘s escalating healthcare costs and increasingly rigorous regulatory 

requirements for medical device quality, reliability and safety prompt an emerging 

market demand for better sensor technologies that can facilitate the early diagnosis and 

prevention of diseases. Since their first successful implementation for endoscopic 

imaging in the 1960s, optical fibers have once again revolutionized medicine in the area 

of vital signs monitoring. 

Over the past few decades, the high sensitivity of these hair-thin strands of fibers to 

external perturbations has been exploited extensively for applications in the physical, 

biological, chemical and imaging aspects of healthcare sensing. These fibers are ideal 

material for development and integration into the new era of minimally-invasive, 

miniaturized and cost-effective vital signs monitors due to their intrinsic 

biocompatibility, chemical inertness, small-sized dielectric nature and low cost. In 

particular, their immunity from electromagnetic interference and radiofrequency allows 

for their safe use without any electrical interference with other hospital electrical 

equipment. These are all important aspects for vital signs monitoring in various hospital 

and home-based settings.  

This chapter illustrates the latest technological innovation in the development of 

optical fiber sensors for vital signs monitoring by both the commercial and research 

sectors in the medical device industry. There will be a particular highlight on discussing 

the emerging experimental breakthroughs in developing non-invasive optical fiber 

sensors for the monitoring of vital signs in chronic diseases such as cardiovascular and 

pulmonary illnesses. Our work on micro-bend optical fiber sensors for non-invasive 
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monitoring of respiratory rate, heart rate and ballistocardiography (BCG) will be 

described. This optical fiber sensor mat technology has been successfully commercialized 

for home use. Challenges met in the development and market penetrance of optical fiber 

sensors for vital signs monitoring will be examined, and the future prospects of utilizing 

optical fibers in healthcare sensing will be discussed. 

 

 

I. INTRODUCTION 
 

Vital signs, or signs of life are important physiological parameters of the body‘s most 

basic functions. A single skip of the heartbeat or a momentary drop in blood oxygen level 

detected during an intraoperative procedure are vital parameters that can offer indications of 

the patient‘s health status and progress. The detected vital parameters also alert the medical 

professionals of any signs of delayed recovery or adverse health outcomes of the monitored 

patient (Figure 1). In this era of unprecedented growth in the world‘s ageing population and 

increased burden of chronic diseases, there is an emerging demand for more advanced 

biomedical instrumentation to enable more efficient diagnosis, monitoring and treatment of 

patients. In recent years, vital signs monitors have become essential applications in your 

familiar hospital settings such as the operating theatres, temergency rooms, intensive care 

units, diagnostic imaging suites, etc. It has also enabled better physiologic monitoring of 

elderly and palliative in nursing homes and hospices, as well as for outpatient monitoring in 

the home environment and occupational monitoring in the army, aeronautic or other 

industries that require strenuous physical work.  

 

 

Figure 1. Vital signs of the monitored patient. 

Recent advances in fiber optic technology have significantly changed the medical device 

industry. Ever since their first successful implementation for endoscopic imaging and safe 

laser delivery during surgical therapy in the 1960s [1], optical fibers have once again 
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revolutionized medicine in the area of vital signs monitoring. The ability to carry gigabits of 

information at the speed of light has increased the potential for further research in optical 

fibers for medical applications. At the same time, significant improvements and cost 

reductions in optoelectronic components have combined fiber optic telecommunications with 

optoelectronic devices to create optical fiber sensors that can be used for the measurement of 

vital parameters [2]. 

Over the past few decades, numerous research has been conducted to evaluate the high 

sensitivity of these hair-thin strands of fibers to external perturbations in the physical, 

biological, chemical and imaging aspects of healthcare sensing [3]. The use of optical fiber 

sensors for vital signs monitoring is based on the unique features of optical fibers: small size, 

mechanical flexibility, chemical inertness, biocompatibility, and immunity to electromagnetic 

and radiofrequency interference. The small size of the optical fibers enables the construction 

of miniaturized sensors for ex vivo applications, whereby only a small amount of the sample 

material (for example the blood) is needed for analyte measurement (for example, for the 

detection of blood glucose). The small size and dielectric nature of optical fibers, coupled 

with their intrinsic mechanical flexibility also allow for their easy installation into 

miniaturized devices for vital signs sensing during intra-operative procedures. The chemical 

inertness and biocompatibility of optical fibers also ensure their safe use on patients, 

especially with regard to invasive procedures or skin contact during the monitoring sessions. 

Where electronic monitoring instruments are involved, such as in intensive care, or where 

high voltage (defibrillation), heating (radiofrequency ablation) and high magnetic fields 

(magnetic resonance imaging) are applied, the immunity of optical fibers to electromagnetic 

and radiofrequency interference enable their use in various vital signs monitoring and medical 

treatment sessions. In addition, the relative inexpensiveness and ecological compatibility of 

optical fibers allow for their disposal after use and maintenance of hygiene in medical 

settings. 

The general structure of an optical fiber sensor system is shown in Figure 2. The system 

consists of an optical source, a sensing or modulating element (that transduces the measurand 

i.e. the vital sign being measured into an optical signal), an optical detector and an electronic 

processor to extract sensing information. Depending on the sensing mechanism (phase, 

intensity, wavelength and polarization state) used to modulate the optical property of guided 

light when incident light is carried to and fro the site of measurement, optical fiber sensors 

can be classified as intrinsic, extrinsic and spectral. 

 

 

Figure 2. General structure of an optical fiber sensor system. 

Applications of optical fiber sensors in vital signs monitoring can be broadly classified 

into two main categories: 1) Physical sensors for temperature, heart rate, respiratory rate, 

blood pressure, blood flow and velocity measurement, etc.; and 2) Chemical sensors that use 
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spectroscopic, fluorescence and indicator techniques to detect and measure the level of 

specific chemical compounds and metabolites such as the blood pH, pO2, pCO2, blood 

glucose, etc. The measurement and continuous monitoring of changes in these physiologic 

parameters are tell-tale signs of a person‘s heath status and organs‘ function, especially 

important in the existence of chronic diseases such as cardiovascular illnesses and diabetes. 

Recent breakthroughs in optical fiber research have encouraged the commercialization of 

better sensor technologies so as to satisfy the consumers‘ needs and solve medical problems. 

In this chapter, we will illustrate the latest technological innovation in the development of 

optical fiber sensors for vital signs monitoring by both the commercial and research sectors in 

the medical device industry. A particular highlight will focus on the emerging experimental 

breakthroughs at improving the sensitivity of these optical fiber sensors to the vital 

parameters, as well as the latest technological trends in devising more user-friendly and 

commercializable optical fiber based vital signs sensors. Our work on non-invasive, 

contactless optical fiber sensors for respiratory rate, heart rate, and ballistocardiography based 

on intensity modulated micro-bending effect will be described. This optical fiber sensor mat 

technology has been successfully commercialized for home use. Challenges met in the 

development and market penetrance of optical fiber sensors for vital signs monitoring will be 

examined, and the future prospects of utilizing optical fibers in healthcare sensing will be 

discussed. 

 

 

II. COMMERCIAL OPTICAL FIBER SENSORS FOR VITAL  

SIGNS MONITORING 
 

Over the past decades, the market has witnessed a tremendous growth in the number of 

optical fiber sensors invented to serve the need for vital signs monitoring (Table 1). A 

majority of these commercial discrete sensors based on Fabry-Perot interferometry and fiber 

Bragg gratings, as well as distributed sensors based on optical scattering techniques such as 

Raman and Brillouin scattering have been rapidly introduced into the market, together with 

their compatible interrogation instruments. The use of optical fiber sensors in healthcare is 

fueled by a constant need for advancements in vital signs monitors that can better enabled to 

―sense‖ and ―monitor‖ the physiologic status of patients in a wide range of diagnostic and 

therapeutic applications. A recent global market report by Global Industry Analysts has 

projected a lucrative profit of US$1 billion for the medical fiber optics industry by the year 

2017. According to the market report, there is an increasing demand for surgical equipment 

which can aid in minimally invasive surgery [4]. By far, the most common optical fiber based 

vital signs monitors available in the market are temperature and pressure sensors developed 

for monitoring during intraoperative procedures. This was enabled by the small-sized, 

mechanically flexible and biocompatible features of optical fiber, which allow the sensors 

integration into miniaturized catheters. The intrinsic EMI immunity of these optical fiber 

sensors has also allowed for their use in more advanced surgical procedures such as MRI 

image-guided therapy.  

One of the earliest pioneering sensors on the market for vital signs sensing during surgery 

is the Camino
® 

OLM intracranial pressure (ICP) sensor (Camino Laboratories, San Diego, 

CA; now acquired by Integra LifeSciences, Plainsboro, NJ, USA). The small dimension of 
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the Camino
® 

ICP sensor allows its easy insertion into a Bolt catheter for the monitoring of 

changes in the pressure of cerebrospinal fluid in patients suffering from post-traumatic brain 

injury. Similar to many physical optical fiber sensors in the market, the working principle of 

the Camino
® 

ICP sensor (Figure 3) is simple. It is based on the concept of intensity 

modulation. Changes in bellows (diaphragm) position due to pressure shift modulates the 

intensity of the reflected light and the output light signal variation is related to the pressure 

causing the displacement of the bellows [5]. In the brain-injured patient, ICP monitoring 

allows for the early detection of intracranial hypertension and facilitates timely therapeutic 

interventions to minimize ischemic injury. Since its introduction in 1984, the Camino
® 

ICP 

sensor has become one of the most commonly used ICP monitoring systems in the world, 

with a sales volume of 60,000 units per year. In recent years, a newer version of the Camino
® 

sensor was introduced with even better sensor performance and safety features that enable 

simultaneous and continuous measurement of intracranial pressure, cerebral perfusion and 

brain temperature [6], in response to an increasing market demand for sensors that can 

perform multi-parametric measurements, and strong competition from the newer generation 

of companies such as Opsens, Inc. (Québec, Canada), Neoptix (Québec, Canada) and Samba 

Sensors (Västra Frölunda, Sweden). Of special mention is the OPP-M25 pressure sensor 

(Opsens, Inc., Québec, Canada), which has been marketed as the smallest 

microelectromechanical system (MEMS) based optical fiber pressure sensor at 0.25 mm OD 

capable of tissue pressure monitoring during the performance of even less invasive 

procedures. The system has been reported with good robustness in a wide variety of 

applications including cardiovascular and intraocular pressure sensing, and is unaffected by 

temperature shift and moisture induced drift [7]. 

 

 

Figure 3. Schematic representation of an interferometry-based optical fiber sensor that has been used 

for the monitoring of physical parameters (e.g. tissue/blood pressure and temperature) during surgical 

procedures. 
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Table 1. Examples of some optical fiber sensors for vital signs monitoring available in 

the market 

 

Vital 

Parameter 
Sensor Name Company 

Pressure  Camino® OLM ICP  Integra Life Sciences (Plainsboro, NJ, USA)  

FOP-M  FISO Technologies, Inc. (Québec, Canada)  

OPP-M40, OPP-M25  Opsens, Inc. (Québec, Canada)  

Samba® Preclin  Samba Sensors (Västra Frölunda, Sweden)  

Temperature  FOT-M  FISO Technologies (Québec, Canada)  

FOT-STB  LumaSense Technologies (Santa Clara, CA)  

Neoptix T1
TM 

 Neoptix (Québec, Canada)  

OPT -M  Opsens, Inc. (Québec, Canada)  

Pulse 

Oximeter  

7500FO Fiber Optic Tabletop 

Pulse Oximeter  

Nonin Medical, Inc. (Plymoth, MN, USA)  

Blood flow  Blood Flowmeter  ADInstruments Ltd. (Sydney, Australia)  

moorVMS-LDF  Moor Instrument (Devon, UK)  

PreSep oximetry catheter  Edward Life Sciences LCC (Irvine, USA)  

Force  TactiCath force-sensing 

catheter  

EndoSense, Inc. (Geneva, Switzerland)  

ECG/EEG  Phototrode 
TM

  Srico, Inc. (Columbus, OH)  

 

Another common range of optical fiber based sensor used during surgical monitoring is 

the blood temperature sensors. These include the FOT-STB (LumaSense Technologies, Santa 

Clara, CA), which is one of the earliest temperature sensor to be introduced commercially, 

and has been marketed to be able to sense in a wide range of temperature between 0 to 120°C 

within a quick response time of 0.25 seconds. The working principle of FOT-STB is based on 

fluoroptic thermometry [8], which makes use of the inherent optical properties of 

phosphorescent materials to emit luminescence of certain characteristics according to the 

change in temperature with time. Temperature is determined by measuring the decay time of 

the emitted light in fluoroptic thermometry, while the newer generation of temperature 

sensors function based on the principle of Fabry-Perot Interferometry such as the OTP-M 

sensor (Opsens, Québec, Canada). This new type of temperature sensor (OTP-M) is based on 

the temperature-dependent birefringence of a pure monocrystalline material built into the tip 

of the fiber optic probe for temperature sensing and transduction [9] and has been designed to 

provide accurate tissue temperature monitoring during MRI, radiofrequency ablation and 

hyperthermia processes.  

During radiofrequency catheterization, it is also important to monitor the contact force 

exerted on the tissue to prevent the overheating of tissues and char formation. The 

TactiCath® force-sensing irrigated ablation catheter (EndoSense, Inc., Geneva, Switzerland) 

improved catheter ablation by providing real-time feedback to the surgeons on the amount of 

force they have exerted on the heart tissue during radiofrequency ablation. This sensor has 

already obtained approval from the European regulatory authority and its function is based on 

3 fiber Bragg grating fibers (FBGs) mounted on the tip of an intra-aortic catheter that serves 

as a laser-ablation delivery probe for the treatment of atrial fibriliation. The FBGs detect the 

force exerted against the heart wall by the stress induced on them. Measurements of the 
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contact force are calculated based on the changes in the wavelengths of light between the 

FBGs when pressure is being applied on the tissue [10]. Force control is essential for 

delivering appropriate laser ablation pulses needed to produce lesions that are induced in the 

heart walls to reduce abnormal electric activity. Optical fiber sensors are inherently useful 

materials for use in force-sensing catheters during radiofrequency ablation as they are 

immune from RF and EMI, and can be disposed after use due to their low cost. 

Another type of optical fiber sensor that has been introduced commercially for 

cardiovascular monitoring is the blood flow sensors such as the PreSep oximetry catheter 

(Edward Life Sciences LCC, Irvine, USA), the moorVMS-LDF (Moor Instrument, Devon, 

UK) and the Blood Flow Meter (ADInstruments Ltd., Sydney, Australia). These blood flow 

sensors allow for the measurement of blood cell perfusion in the microvasculature of tissues 

and organs based on the concept of Laser Doppler blood flowmetry [11]. A ―Doppler‖ shift 

occurs when light is scattered by moving red blood cells. By illuminating a vascularised 

tissue sample with a monochromatic single frequency of light, and processing the frequency 

distribution of the backscattered light, an estimate of the blood perfusion can be achieved 

(Figure 4). 

 

 

Figure 4. Laser Doppler blood flowmetry. The transmitting optics illuminate laser light onto the tissue. 

In return, the receiving optics receive the reflected/scattered laser light and transmit to a photodetector 

for further signal processing. 

Among the latest optical fiber based vital signs monitor newly introduced into the market 

is the 7500FO fiber optic tabletop pulse oximeter (Nonin Medical, Inc., Plymoth, MN, USA). 

This optical fiber based pulse oximeter was specially developed as a compact and portable 

system for use in MR facilities to monitor neonates, pediatric and adult patients in the pulse 

range of 18-321 bpm.  

The working principle of this sensor is based on reflectance pulse oximetry that allows 

for the monitoring of blood oxygen saturation (SpO2) [12]. Organs and tissues must be 

sufficiently perfused with oxygenated blood in order to carry out their normal cellular 
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functions for survival. In cases of severe hypoperfusion or extreme hypoxia, dysfunction or 

failure of organs may ensue. By shining two different wavelengths of light, red and infrared 

light, through the vascular tissues, the backscattered light received by the photodetector is 

measured for the intensity. The variations in current due to light received by the photodetector 

are assumed to be related to changes in blood volume underneath the probe. These variations 

in current are electronically amplified and recorded as photoplethysmograph (PPG). As the 

absorbance of light by oxygenated hemoglobin and deoxygenated hemoglobin are different at 

these two wavelengths of light, the amplitude of the red and infrared PPG signals are sensitive 

to changes in the oxygen saturation. SpO2 can then be estimated from the ratios of these 

amplitudes. 

Similar to many optical fiber companies which originally developed optic fiber 

instruments for physical and chemical monitoring purposes such as strain analysis and 

toxicity measurement in the construction and mining industry, an increasing market demand 

for more sensitive biomedical instrumentation have prompted the companies to devolve in 

further research and development effort to create optical fiber sensors for medical use. Most 

intriguingly, the Photrode
TM

 (Srico Inc., Columbus, OH), an optical fiber based voltage 

sensor which was originally created under the Small Business Innovation Research (SBIR) 

venture between the Ohio-based photonics engineering company and the U.S. National 

Aeronautics and Space Administration (NASA)‘s Glenn Research Centre for non-medical 

related fiber-optic communication systems and lightning detection in avionics and mining, 

has been exploited further for use in physiologic sensing [13]. The Photrode
TM

 is an extrinsic 

fiber-optic sensing device that allow for the detection of both the electroencephalogram 

(EEG) signals of the brain and electrocardiogram (ECG) signals of the heart through the 

capacitive pickup of voltage changes in the biopotentials (EEG and ECG) and Mach-Zehnder 

intensity modulation. 

ECG monitoring is important for measuring and diagnosing abnormal rhythms of the 

heart, in particular abnormal rhythms that occur as a result of damage to the conductive 

tissues of the heart such as in a myocardial infarction or abnormal rthythms caused by 

electrolyte imbalances. In fact, the Photrode
TM

 has now been used by the U.S. Army 

Aeromedical Research Laboratory for assessing their army pilots‘ physiological wellness and 

flight-readiness. Researchers under the Neuropsychiatry and Surgery Departments at the 

Walter Reed Army Institute of Research are also using the sensor for ambulatory monitoring 

of alertness as well as for triage applications. EEG and ECG measurements can be made by 

placing the biopotential contacts of the sensor respectively on the skin of the skull or chest 

without the use of any conductive gel. The sensor comprises of a Mach-Zehner interferometer 

that has been fabricated in a lithium niobate electro-optic crystal substrate attached to the 

optical input and output fibers to concentrate an ambient biopotential signal at the waveguides 

(Figure 5).  

Thin-film gold electrodes deposited on the crystal operate in a push-pull configuration to 

modulate the light entering the sensor from a continuous wave laser source connection via 

optoelectric effect as the two sections of the interferometer are subjected to opposite voltages 

from the biopotentials. The modulated light output is then further processed for the 

biopotential signal measurements [14].  
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Figure 5. Schematic representation of Phototrode
TM

 (Srico Inc., Colmbus, OH). 

 

III. OPTICAL FIBER BASED VITAL SIGNS MONITORS IN RESEARCH 

AND DEVELOPMENT 
 

A Medline analysis on publications and patents reported over the past few decades 

showed a significant increase in the number of research work on medical fiber optics (Figure 

6). In fact, many of the recent research work on medical fiber optics are actually catered to 

the development of optical fiber sensors for diabetes, cardiovascular and respiratory 

monitoring of vital signs that can enable a better quality in management of chronic illnesses 

such as diabetes, cardiovascular and pulmonary diseases that are becoming more prevalent in 

our affluent and sedentary society [15]. A trending fabrication and design of these newer 

sensors is to develop non-invasive, less bulky and low cost sensor system that can be portable 

or even worn on the human body for continuous monitoring in various setting outside the 

hospital, such as in the home of the patient or for the physiologic monitoring of militants or 

workers handling heavy operational workload. 

 

 

Figure 6. Trend graph showing a remarkable increase in the number of research and development work 

on optical fiber sensor for medical applications. Source Data: 2012 Medline Baseline Distribution, 

released December 14, 2011 [16].  
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Glucose monitoring is important for diabetes care as improved glycemic control in 

diabetic patients has been shown to decrease the long-term complications of type 1 and type 2 

diabetes. Maintaining near normal levels of blood glucose is also important for the 

management of patients in the intensive care unit. A recent market report by BCC Research 

showed a projected profit of US$356.5 million in the global market for continuous glucose 

monitoring devices by the year 2016, with a five-year compound annual growth rate (CAGR) 

of 14.2% from the year 2011 to 2016 [17]. In fact, there is an expected rise to more 330 

million people diagnosed with diabetes by 2030 [18]. However, a tight level of control over 

blood glucose is difficult to achieve and requires frequent glucose measurements.  

As of current, a majority of the commercially available sensors for continuous glucose 

monitoring e.g. Glucoday® S (Medicon Ireland Ltd., Newry, Northern Ireland) and the 

implantable sensor from MiniMed Paradigm (Medtronic, Inc., MN, USA) are based on 

electrochemical principles that usually rely on the enzyme glucose oxidase for molecular 

recognition of the glucose molecules. Hence, there may be limited electrochemical selectivity 

due to the electrooxidation of other species such as ascorbate and uric acid or interference by 

drugs taken by the patients [19]. The current methods for glucose determination also require 

patients to obtain blood by pricking their fingers, which can be a pain and burden on diabetics 

who require daily monitoring of their blood glucose level and might be problematic for 

diabetics wound-healing difficulties.  

Of latest development efforts are attempts to fabricate optical fiber sensors that are 

portable and can allow for the non-invasive measurement of blood glucose with better 

sensitivity based on fluorescence intensity and lifetime monitoring using near-infrared 

spectroscopy. Near infra-red spectroscopy is a technique that is dependent on photo-induced 

electron transfer in which the binding of glucose to fluorescent conjugates in the form of 

enzymes such as glucose oxidase and hexokinase or the lectin concanavalin A (Con A) will 

quench and affect the emission of light (Figure 7) [20]. 

 Based on the concept of Fourier transform infrared spectroscopy of attenuated total 

reflection (FT-IR-ATR), Tamura et al. (2004) [21] developed an optical fiber based glucose 

sensing system for the non-invasive measurement of blood glucose at the middle finger and 

back of the ear lobe by ATR spectroscopy using mid-infrared. Partial Least Square 

Regression (PLSR) was applied to build a prediction model of the blood glucose level using 

in-vitro blood glucose (measured by a conventional hand-held glucometer) as the reference 

values. Cross-validation and further data processing showed adequate correlation in blood 

glucose measurement in the wave number range from 1500 to 950 cm
-1

 (which contain the 

absorption peak of glucose i.e. 1400 cm
-1

, 1100 cm
-1

). The sensor was reported to have a good 

accuracy in measurement that is superior to the conventional method of blood glucose 

measurement. In another study, bearing in mind that optical methods for glucose 

measurement can be confounded by basal properties of tissues, Yamakoshi et al. (2006) [22] 

addressed this problem by using fast spectrophotometric analysis and predictive modeling 

with PLSR to create the glucose sensor termed the Pulse Glucometry, that has been proven to 

measure blood glucose non-invasively with clinically acceptable accuracy using the finger as 

the measurement point. The system enabled fast transmittance spectra of 100 per second to 

resolve the optical spectra (900 to 1700 nm) of blood volume pulsations throughout the 

cardiac cycle, which allowed for the calculation of the difference spectra from the pulsatile 

signals to eliminate the optical effects from other tissues.  
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It was hopeful that further development of this technology could eventually produce a 

noninvasive and easily portable home glucose monitor that would improve the quality of life 

for many diabetic patients. Nevertheless, there is a need to conduct further human trials and 

predictive modeling for the respective fiber-based glucose sensing methods to account for the 

influence of individual differences as the current trials were predominantly based on 

measurements done on small number of healthy subjects.  

 

 

Figure 7. Blood glucose monitoring based on the principle of photo-induced electron transfer in near 

infra-red spectroscopy based on de Silva et al. (2001). In a complex consisting of glucose receptor 

linked to a fluorophore via a spacer, laser excitation of the fluorophore induces electron transfer from 

the unoccupied receptor to the fluorophore, quenching the fluorescence signal. On blinding of a glucose 

ligand, the receptor undergo changes in its redox/ionization state, preventing the transfer of electron to 

the fluorophore. As a result, fluorescence emission occurs.  

The monitoring of cardiac and respiratory activities are important aspects of vital signs 

monitoring. Many of the optical fiber based cardiac and respiratory activity sensors published 

in literature based on the concepts of macro-bending, fiber Bragg grating and optical time-

domain reflectometer (OTDR) [23-24], fiber optic statistical mode (STM) and high order 

mode excitation (HOME) [25] and photo-plethysmography (PPG) [26] were not feasible for 

industrial acceptance and clinical use due to their bulkiness, design complexity and high 

fabrication costs. In contrast, the optical fiber sensor system developed in our laboratory 

based on the working principle of micro-bending effect [27] is of low fabrication cost and has 

a simple design but robust performance, readily applicable for various clinical and home use.  
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The performance of our sensor in cardiac and respiratory monitoring has also been 

studied extensively in clinical trials conducted in hospitals for in-bed monitoring, and patient 

monitoring during MRI. We were also fortunate to have the opportunity to commercialize our 

sensor system as home-based devices for respiratory sensing in elderly and infants in 

Singapore and other countries. 

Our sensor system allows for the non-invasive and continuous monitoring of vital signs 

that include breathing rate and breathing movement, heartbeat, ballistocardiography, blood 

pressure in the monitored patient (Figure 8) [28-32] for a wide range of applications. The 

system utilized a simple, but comprehensive assembly consisting of an optical fiber sensor 

mat (embedded with optical fibers), a photo-electronic transceiver to transmit and receive 

light and a digital signal processing (DSP) algorithm to detect the vital signs (Figure 9). The 

optical fiber used to construct the sensor is a standard graded-index multimode fiber with a 

core diameter of 100 µm. The mat can be constructed to a suitable dimension for placement 

on a bed, or embedded into a cushion or pillow, or mounted into a smart vest for monitoring 

purposes. Maximum micro-bend sensitivity was achieved by proper construction of the 

optical fiber such that the spatial frequency Λ of the micro-benders satisfy the approximate 

relationship:  

 

 
 

where a is the fiber core radius and ∆ is the relative refractive index difference. 

The sensor design is based on micro-bending effect created through a ―sandwich‖ micro-

bender structure (Figure 10). Under mechanical perturbation that include periodic movement 

such as breathing and heartbeat vibration, deformer plates (transducer) squeeze the optical 

fiber and induce a series of micro-bending points along the axis of the fiber. Micro-bending 

causes light coupling from guided into radiation modes, resulting in the irreversible loss of 

light and a modulation in light intensity detected by the light detecting unit in the transceiver. 

By measuring the modulated light intensity over a period of time, information about the 

monitored person‘s vital signs such as the breathing rate and heartbeat can be obtained 

through the DSP algorithm. 

In our system, the interrogation unit for the sensor is in the form of a transceiver that 

comprises of a LED light source operating at 1310 nm, a light detector that can detect light in 

the range of 1100-1650 nm, a micro-processing unit and other circuits, and a USB interface or 

wireless interface for connection to a computer or hand held device running the DSP 

algorithm or display final results.  

For example, the electrical output of the transceiver connected to the computer is sampled 

at a rate of 10 Hz for breathing rate detection and 50Hz for heart rate measurement. Peak 

detection is performed in the time domain for calculation of the vital signs (Figure 11). For 

instance, breathing rate has a distinct typical frequency range of about 0.05 -0.5 Hz that can 

be extracted and bandpass filtered for calculation (Figure 13).  
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Figure 8. Various applications can be explored using our microbend optic fiber sensor system. 

 

 

Figure 9. Our microbend optical fiber sensor system (A) for vital signs monitoring comprises of a 2-

mm thin optical fiber embedded sensor mat (B), a photo-electronic transceiver (C) and a data 

processing algorithm.  
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Figure 10. Optical fiber based vital signs sensors developed in our laboratory are based on the working 

principle of intensity modulation due to micro-bending effect. 

 

Figure 11. An example of workflow for processing a modulated signal 

In the preceding paragraphs, we will provide an illustration of various optical fiber 

sensors (including our micro-bend optical fiber sensors) that have been used in some 

emerging application areas that require physiologic monitoring.  

 

 

“Smart” Textiles for Physiologic Monitoring 
 

With a continuing shortage of medical staff and a looming patient population, there is a 

need to develop non-intrusive physiologic monitors that can track the patient‘s condition and 

alarm the medical staff of any adverse medical situation. The fibrous nature and 

biocompatibility of optical fibers have allow for their embodiment into fabric or medical 

textile materials that can be in the form of a bed, a pillow or even a vest worn on the human 
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body for physiologic sensing. We and others [28-35] have utilized this special property of 

optical fibers to create ―smart‖ textiles that can be used to sense important vital parameters. 

Spillman et al. (2004) [25] developed a ―smart bed‖ that enabled the nonintrusive monitoring 

of patients‘ breathing rate, heart rate and body movement using a statistical mode (STM) 

sensor and a high order mode excitation (HOME) sensor. Whilst fiber Bragg grating (Figure 

13) has been suggested for patient respiratory monitoring as a mattress [33] and body 

temperature monitoring as a bedsheet [34]. The OFSETH has also suggested the integration 

of Bragg grating fibers into wearable textile for the monitoring of various vital signs [35].  

 

 

Figure 12. Frequency spectrum graph showing a measured breathing signal and a heartbeat signal. 

Bandpass filtering is used to distinguish between the two physiologic signals. 

 

 

Figure 13. Shear force from cardiac and respiratory motion can be detected using fiber Bragg gratings 

(FBG). A shift in Bragg wavelength occurs when there is a change in the modal index or grating pitch 

of the fiber.  
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Figure 14. A microbend optical fiber sensor mat integrated as a ―smart bed‖ in a hospital setting. (B) 

Our microbend optic fiber sensor is sensitive enough to detect the variation in light intensity according 

to the sleeping position of patients (lying face up, body movement and lying by the side). The system is 

able to detect the breathing rate (A) and body movement (C) of the same person during sleep. 

The micro-bend optical fiber sensor mat developed in our laboratory was also integrated 

into bedding structures such as a ―smart bed‖ for the monitoring of breathing rate and body 

movement [28, 32] , a ―smart pillow‖ [29] to detect the heart rate, a ―smart cushion‖ [30] for 

heart rate measurement based on ballistocardiography (BCG), and a cuffless blood pressure 

monitor for blood pressure measurement [31], as shown in Figure 14-17. 

 

 

Figure 15. ―Smart pillow‖ for heart rate monitoring based on micro-bending effect. 
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Neonatal Monitoring 
 

Neonatal monitoring is especially crucial in the neonatal intensive care units (NICU) 

where the infants were normally borne premature or are critically ill [36]. The global fetal and 

neonatal care market has been estimated to grow at a CAGR of 5.9% and is projected to 

achieve a profit of $797 million in the year 2016 [37]. Our microbend fiber sensor mat 

technology for vital signs monitoring has been transferred to an industry partner to 

manufacture the baby monitor (Figure 16), a non-invasive and portable home-based device 

that monitors the breathing rate and movement of infants. The accuracy of the in-reading 

breathing rate of infants has been validated in clinical trials conducted in Singapore‘s largest 

paediatric hospital prior to commercialization. This technology is also licensed to other 

industry partner for other applications. Optical fibers are ideal as sensing elements to be used 

on infants and paediatrics due to the absence of electrode or use of electricity. In addition, the 

use of wireless remote technology i.e. no cord required to connect the sensor mat to the parent 

control unit minimizes the occurrence of safety hazards for the monitored infants and 

paediatrics.  

 

 

Figure 16. The Baby Monitor allows for the remote monitoring of infants‘ breathing rate and breathing 

movement. 

 

Patient Monitoring during MRI 
 

The remote sensing for vital signs of patients inside the MRI gantry is especially crucial 

for the monitoring of unresponsive patients such as the sedated, comatose and critically ill. 

The use of electronic-based physiologic sensors for patient condition monitoring is potentially 

hazardous as the presence of ferromagnetic components in these sensors cause them to be 

prone to EMI and may also risk radiofrequency (RF) burns on the patients‘ skin due to 

electrical currents induced in the metal components by the changing magnetic field gradients 

during MRI [38, 39]. In addition, physiologic sensors in recent development are mostly 

electronic-based e.g. piezo-electronics and capacitive coupled electrodes, and may not be 

suitable for use with future MRI scanners operating at higher magnetic field strength. Thus, 

the increased market demand for better patient safety during MRI physiologic monitoring has 

prompted various research groups to make use of the inherently EMI and RF immune nature 

of optical fibers in the development of MRI-safe vital signs monitors.  
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Our group has investigated the use of optical fiber sensor system in breathing rate and 

body movement monitoring during MRI (Figure 17) [32]. In a trial conducted on sixty 

healthy subjects between the age range of 21-70 years old and variations in breathing rate in 

the range 8-22 breaths per minute, our system was able to detect a good and comparable 

breathing rate to the predicate electronic respiratory detecting device used under current 

hospital settings. The breathing movement detected by the sensor was also useful as a 

respiratory movement trace during MRI for liver imaging at the end-expiratory phase of the 

breathing cycle. Our sensor system also showed good performance in heart rate, BCG and 

blood pressure detection that can potentially be used in multi-parametric monitoring of 

patients during MRI. In addition, the embedment of sensing fibers into a thin sensor mat for 

placement on the MRI bed, rather than a sensing Velcro strapped around the chest of the 

monitored patient allows for extra patient comfort and ease of operation.  

 

 

Figure 17. An experimental setup for the monitoring breathing rate and body movement in sixty healthy 

subjects in the MRI suite. 

 

IV. FUTURE PROSPECTS AND CHALLENGES 
 

In conclusion, future applications of optical fiber sensor for vital signs monitoring will 

reply heavily on cost reduction and the development of effective and suitable packaging to 

meet the needs of each sensing application. Discrete physical sensors for the physiological 

monitoring during surgical procedures are expected to continue to evolve and grow to acquire 

greater market shares as consumers continue to demand for better sensing devices that can aid 

in minimally invasive surgery. Whilst emerging sensor types such as non-invasive sensors for 

cardiac and respiratory monitoring and for the monitoring of blood glucose level as well as 

blood pressure monitoring without cuffs and with minimum contact, and innovative sensor 

design and packing into smart textiles and portable monitors are expected to carve a niche in 

the global market in the next decade as consumers continue to demand for better sensing 

technologies at lower cost and with better end-user characteristics that can aid in the 

management of chronic illness and provision of more quality care.  
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Regardless of the sensor type, further strides and engineering need to ensure reliability 

and standards in packaging of the monitoring devices, in which significant technical hurdles 

and market barrier (as listed below) need to be overcome. 

 

 Unfamiliarity with the technology 

 Conservative attitude of some industries and customers 

 Provision of a proven field record and clinical testing 

 Cost involved in sensor development 

 Availability of trained personnel 

 Development of a complete sensing solution 

 Lack of standards 

 Quality, performance, packaging and reliability 

 Obtaining of regulatory approval and device certification 

 

By overcoming these technical hurdles and market barriers, optical fiber sensors will be 

expected to gain more commercial momentum and achieve faster market growth in the future.  
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