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ABSTRACT 

This thesis discusses the very important components in wavelength-division 

multiplexed (WDM) fiber-optic communication systems - fiber laser sources and fiber 

Bragg grating filters. Three areas are included: theoretical studies of fiber ring resonators 

with an external reflector (FRRER) and compound ring resonator with an external 

reflector (CRRER); implementation of erbium-doped fiber lasers (EDFLs) based on the 

proposed passive resonators; and theoretical studies of phase-shifted fiber Bragg grating 

filters. 

An FRRER is made with a ring resonator, a coupler and a reflector, while a 

CRRER made with double ring resonators. double couplers, and a reflector. We analyze 

theoretically both of the resonators with regard to their resonance conditions and 

directionality properties. The outputs and circulating intensities of the resonators are 

investigated. The optimum design relationships are obtained by examining the resonators. 

The result shows that both resonators are suitable for development of traveling-wave 

fiber lasers without use of optical isolators because of a high loss difference between the 

counter-clockwise and clockwise directions. 

Whilst both resonators feature non-reciprocal property, comparing with the single 

resonator FRRER, the CRRER with double resonators has advantages of potentially large 

free spectral range due to vernier effect. The effects of the coupling coefficients, losses 
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and resonant numbers on the resonance are discussed for the double resonators. These 

resonators have properties very suitable for the construction of lasers. 

Based on the proposed resonators, erbium-doped fiber lasers are fabricated. As 

expected, the unidirectional operation is achieved in EDFLs without need of optical 

isolators. The robust single-longitudinal-mode operation is achieved by employing the 

compound ring resonator to enhance the mode selectivity. Based on the configuration of 

the FRRER, by adding another reflector to the other end of the coupler, We have 

demonstrated a novel erbium-doped fiber laser operating at two wavelengths. The benefit 

of this approach is simplicity, compact and low cost. 

A phase-shifted fiber Bragg grating, when combining with optical circulator, it 

may be used as add/drop de/multiplexer, which has very useful application in WDM 

fiber-optic communication systems. A comprehensive theoretical analysis of the 

compound phase-shifted uniform fiber Bragg grating (FBG) filter is presented. The 

transmission characteristics are examined by a transfer matrix formulation. The result 

shows that by suitably choosing the ratio, a quasi-flat-top spectrum may be obtained. The 

general condition of the optimum case is derived. This characteristic makes the 

compound phase-shifted uniform FBG filter particularly advantageous. 
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Chapter 1 

Introduction 

Optical fiber communication systems are lightwave systems that employ optical wave as 

information carrier and optical fiber as information transmission line. In theory, the 

greater the carrier frequency, the larger the available transmission bandwidth and thus the 

information-carrying capacity of the communication systems. Such a system at optical 

frequencies offers an increase in the potential usable bandwidth by a factor of around 105 

over traditional microwave transmission. The proposal for optical communication via 

optical fibers was made almost simultaneously in 1966 by Kao and Hockham [ 1] and 

Werts [2]. It is obvious that the suitable optical source and the optical fiber are the key 

elements for the development of optical fiber communication. During 1960s, the optical 

fiber exhibited very high attenuation (i.e. 1000 dB/km). Although the availability of laser 

sources had stimulated research into optical fiber communication, optical fiber 

communication was not considered to be practical until 1970, when optical fiber 

technology had advanced to the point where the fiber with loss of 20 dB/km or less was 

achieved [3]. Since then, silica fiber and optoelectronics including laser sources have 

been the subject of large-scale world wide research and product development. As a result, 

optical fiber communication is established today as one of the most promising 

technologies within the area of short and long-distance data transmission [4-6]. 



The development of technology in optical fiber communication systems has passed 

through a few distinct stages to increase the capacity of the optical systems. The bit rate­

distance product (BL) was commonly used as a figure of merit to measure the system 

capacity. where B is the bit rate and L is the repeater spacing [7]. It is found that the 

ultimate capacity BL is determined by the quality of the optical source and the fiber. 

Table 1.1 shows the typical characteristics of the five distinct stages in the development 

of optical communication systems. It can be seen how the BL product has increased 

through technical progress either in optical fiber or in the optical source. The optical fiber 

has evolved from multimode fiber (MMF) to singlemode fiber (SMF), then to dispersion­

shifted fiber (DSF) to reduce the dispersion in the fiber. On the other hand, the 

wavelength of the optical sources has shifted from 0.85µm to l.3µm, then to l.Sµm; the 

three wavelength regions correspond to the first, second and third communication 

.. window''s (see figure 1.1 ), where the fiber has low loss. At the same time, the optical 

source has advanced from broad-spectrum LEDs to multi-mode laser diode and then to 

single-mode laser diode. 

Table 1.1 Five stages of optical fiber communication systems 

Stage Source Fiber 8 (b/s) L(km) BL (b/s-km) 

I 0.85µm, LED MMF 45~100 M 10 ~S0OM 

n l.3µm, MML MMF 100 M 20 2G 

lll l.3µm, MML SMF 10 G 80 800G 

IV I.5µm, SML DSF 10 G 100 lT 

V 1.5µm, SML, • DSF 100G 9100 910T 

Note: LED: light-emission diode; MML: multi-mode laser; SML: single-mode laser; 

MMF: multimode fiber; SMF: singlemode fiber; DSF: dispersion-shifted fiber; ,11 use of 

optical amplifier and WDM 
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The progress in optical solll'Ces plays a very important role in minimizing the 

dispersion. A laser source with a very narrow linewidth would be very desirable. Fiber 

lasers have the potential of being an excellent candidate as such a source in optical 

communication systems [8-9]. Compared to a laser diode, whose linewidth is limited by 

the short cavity length, a fiber laser [10-19] could have a much narrower linewidth. A 

linewidth as narrow as 0.95 kHz was obtained in fiber laser [20]. Moreover, fiber lasers 

are the most natural source for fiber-optic communications, since the light is already in 

the fiber and they can be directly spliced to the systems. 
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Figure 1.1 Spectral windows in single-mode fibers 

Besides efforts in laser source, the advent of optical amplifier [21-25] and 

wavelength-division multiplexing {WDM) [26-29] in stage V has led to a revolution in 

lightwave systems, where optical amplifiers were used to increase the repeater spacing 
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and the WDM to increase the bit rate. Erbium-doped fiber amplifier (EDF A) as optical 

amplifier was developed during the 1980s and became available commercially by 1990. 

By using 274 EDFAs, a total transmission distance of 9,000 km was achieved [30]. 

Further improvement in the system capacity was achieved by using WDM strategy. 

WDM corresponds to the scheme in which multiple optical sources at different 

wavelengths are transmitted over the same fiber. WDM systems provide savings in the 

costs of installing and upgrading lightwave systems. It has already come into commercial 

use. Figure 1.2 shows schematically a WDM system. A set of optical signals at 

wavelengths, A.1, A2, ... ,An , are combined together by a multiplexer, and then launched 

into the optical fiber. At the other end of the fiber, the signals are separated by a 

demultiplexer, and forwarded to their final destinations. It can be seen that multiple 

optical sources and multi/demultiplexer are the important elements in a WDM system. 

In general a set of laser diodes operating at different wavelengths are used as 

multiple optical sources. However, it would increase the cost and complexity. To 

overcome this problem, various approaches have been tried to achieve simultaneous 

multiple wavelength lasing in both semiconductors [31-32] and fibers [33-34]. In recent 

years, multiwavelength fiber lasers [35-45] have attracted a lot of interest for optical 

system, because of their fiber compatibility, compact size and simplicity. 

a.. 

A.1 
~ 

A.1 a.. >C 
~ ~ 

A.2 )< C. A.2 ~ ·-E-
.... 
:i .... 

Optical fiber E 
An 

:i ~ 

~ 0 An 

Figure 1.2 The principle of an optical WDM communication system 
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Other key elements in WDM systems are multiplexer and demultiplexer used to combine 

and split optical signals at different wavelengths. According to the wavelength spacing 

between adjacent signals, there are two kinds of WDM systems: widely-spaced WDM 

systems and dense WDM systems (or optical frequency-division-multiplexed (OFDM)). 

In the first type of systems, the wavelength spacing is about l O to 300 nm, and in the 

latter systems, it is about 0.1 nm or less. Dense WDM systems are the subjects of current 

research interests. Multiplexing can be carried out by either passive couplers [ 46] or 

frequency selective devices, while the structure of a demultiplexer relies heavily on 

frequency selective devices. In a widely-spaced WDM system, bulk-type diffraction 

gratings [47] or dielectric thin-film filters [48] are normally used as frequency selective 

devices. In dense WDM systems. demultiplexer is essentially based on highly selective 

optical filters. Various schemes of optical filters have been demonstrated. including 

Fabry-Perot interferometers [49.50], Mach-Zehnder interferometers (51,52], and fiber 

grating-based filters [53,54]. For much of this decade, since the demonstration in 1989 of 

the holographic sidewriting technique for fabricating fiber Bragg grating, there has been 

considerable interest in developing grating-based filters because of their high reflectivity, 

simple fabrication, and fiber compatibility. 

This thesis presents fiber resonators and their applications in erbium-doped fiber 

lasers. The study begins with the design of passive fiber ring resonators, which may be 

used as passive cavities for fiber lasers. By using the new resonator configurations, a 

single-longitudinal mode erbium-doped fiber laser (EDFL) was realized. Based on the 

EDFL, we also built a tunable dual-wavelength EDFL. In addition, another very 
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important component m WDM system, fiber Bragg grating filters is presented m 

appendix A. 

1.1 Organization of Thesis 

This thesis presents optical fiber devices-fiber resonators, erbium-doped fiber 

lasers (EDFL), as well as fiber Bragg grating filters. The fiber resonators are used to 

construct EDFL; they can also be used as narrow-band spectral filters. These components 

have great potential applications in fiber-optic communications. as narrow-linewidth 

optical sources and add/drop de/multiplexers. 

This work is divided into several chapters. A short introduction is given in chapter 

1. The background of fiber lasers with emphasis on erbium-doped fiber lasers is provided 

in chapter 2. Starting with the rate equations, we establish analytical and explicit 

expressions for the EDFL, which allow us to study the output power, threshold, slope 

efficiency, and the optimum length of the EDF. 

Fiber lasers can be designed with a variety of choices for the laser cavity. In 

chapter 3, we present a new configuration, i.e., a basic fiber ring resonator with an 

external reflector (FRRER), which allow unidirectional operation in the ring cavity to be 

obtained without the use of optical isolators. Directionality and resonator analyses are 

given by analyzing the fields and intensities of the resonator, with the help of the coupled 

mode equations between the coupler and propagation equations. 

In chapter 4 we propose a compound ring resonator with an external reflector 

(CRRER), which is aimed to obtain the unidirectional operation, and more importantly, 

to increase the free spectral range of the resonator to promote mode selectivity. This 
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chapter starts with a complete theoretical analysis of the compound ring resonator (CRR), 

including the optimum resonant condition, mode suppression, and how the parameters of 

the CRR affect the resonator characteristics. We then deal with the CRRER. including the 

directivity and resonator analysis. 

In chapter 5, we present the implementations of the erbium-doped fiber lasers, 

based on the resonators proposed in chapter 3 and chapter 4. We first describe the related 

fiber laser devices in order to have a better understanding of the construction of the 

EDFLs. We then present the experimental results of the EDFLs, including single­

wavelength EDFLs, as well as dual-wavelength EDFL. 

The thesis concludes with chapter 6, which summarizes the work done on fiber 

resonators and fiber laser. 

While the laser source 1s the very important component in fiber-optic 

communication systems. optical filters, such as. add/drop de/multiplexer, also play a 

critical role in the WDM technology. In appendix A, a new all-fiber phase-shift Bragg 

grating filter with symmetric structure is presented. Optimum conditions for the 

transmission curve with flat top characteristics are given for 2 and 3 phase-shift grating 

filters. 

1.2 Summary of Contributions 

This thesis describes passive fiber ring resonators, erbium-doped fiber lasers, dual­

wavelength fiber laser, and fiber grating filters for optical communication systems. The 

following is a list of the contributions. 
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• By applying rate equations, laser properties such as output power and slope 

efficiency are derived for a fiber ring erbium-doped laser. 

• Analyzed and calculated a compound fiber ring resonator (CRR), including 

optimum resonating conditions. 

• Proposed and analyzed two fiber ring resonators (fiber ring resonator (FRR) 

and CRR) with external reflector, which may be used to build travelling-wave 

fiber ring lasers without the use of optical isolator. 

• Designed and built travelling-wave single-longitudinal-mode erbium-doped 

fiber lasers without using nonreciprocal element based on the proposed ring 

resonator with external fiber grating. 

• Designed and characterized a new tunable dual-wavelength erbium-doped 

fiber ring laser with output coming out from two separate ports, based on a 

ring resonator with two fiber gratings. 

• Proposed and analyzed compound phase-shifted Bragg grating filters with 

symmetrical structures by applying a transfer matrix method (TIM). The 

transmission spectrum of such filters can be tailored to give a quasi-flat top. 
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Chapter 2 

Basic Principle of Erbium­
Doped Fiber Lasers 

The concept for fiber laser is not new, but it is a surprising idea. The theoretical concept 

behind fiber-laser operation is quite elegant. An optical fiber doped with a lasing material 

is optically pumped by a flashlamp or laser. and laser output is obtained from the fiber. 

Not only do the lasing medium and the fiber delivering system become one and the same. 

but the length of the active medium is theoretically unlimited, the spatial modes can be 

well controlled by the fiber waveguide and the fiber can be packaged in a small volume. 

In this chapter, we will review the general fiber lasers, and examine their merits; 

we shall also review the erbium-doped fiber lasers. We shall first give the general 

background knowledge of erbium-doped fiber lasers such as the pump, gain, and rate 

equations. Then from the rate equations, we shall establish a few of the analytical and 

explicit expressions for an erbium-doped fiber ring laser, which include output power, 

laser threshold, slope efficiency, and optimum length of the erbium-doped fiber. 

2.1 Historical Overview on Fiber Lasers 

The first fiber laser [l] was demonstrated by Elias Snitzer as early as 1961 by 

using a neodymium(Nd)-doped glass fiber with a 300 µm core diameter, and slipping it 

inside a helical flashlamp. Late in 1965, with R. Woodcock, he investigated a glass doped 

with both erbium and ytterbium and achieved lasing action at 1.54 µm, still with 
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flashlamp as the pump source [2]. Erbium emission at 1.54 µm received some early 

attention in the mid-1960's, but even today it is still a commercially significant laser 

because of its use as an eye-safe laser for range finding applications [3-4]. As research on 

optical fiber communications began to take off in the early 1970s, so the quest for new 

light sources became important. In 1974 Julian Stone and Charles Burrus at Bell Labs 

used low-loss silica fiber to made Nd-doped fiber lasers which were end-pumped with 

diode lasers [5], but their technology languished because diode powers were low and 

their lifetimes were limited. 

It was not until late 1980s that interest in rare-earth doped fiber lasers was 

revived. The development of rare-earth doped fiber lasers proceeded at an enormous pace 

[6-10], thanks to the impressive progress on diode laser pump source, the technology of 

rare-earth doping. and the development of many fiber optic components. The initial 

emphasis was focused on Nd- and Er-doped fiber lasers [ 11-12], but other do pants such 

as holmium (Ho), samarium (Sm), thulium (Tm), and ytterbium (Yb) were also 

investigated. Table 2.1 lists the doped ions and the transitions used for the laser action, 

the types of the fiber used as host, and the wavelengths emitted by the lasers. It can be 

seen that fiber lasers cover the wavelength ranging from about 450 to 3500 nm. This 

considerable spectral range suggests a myriad of potential applications for the fiber laser 

such as in optical data storage, optical communications, photonic switching, range 

finding, sensor technology, and medical applications. 

Among rare-earth doped fiber lasers, erbium-doped fiber lasers at 1.5 µm region 

attracted the most attention because it coincides with the least-loss (as low as 0.15dB/km) 

region of silica fibers used for lightwave communications. Erbium doped fiber lasers can 
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Table 2.1 Wavelengths emitted by rare-earth-doped fiber lasers 

Doped Ion Transition Type of Fiber Wavelength 
(µm) 

.. S312 ➔11s12 Fluoride 0.55 
4 S312 ➔I u12 Fluoride 0.85 

Et ... 4 11112 ➔11s12 Fluoride 0.98 
4
l1312 ➔l1s12 Silica/Fluoride 1.55 
4 f912 ➔1912 Fluoride 3.50 

.. F312 ➔lw2 Silica 0.92 
Nd3+ .. F912 ➔11112 Silica 1.06 

.. F912 ➔lu12 Silica/Fluoride l.35 

'S2 ➔Is Fluoride 0.55 
Ho3+ 'S2 ➔Is Fluoride l.35 

'l1 ➔Is Silica/Fluoride 2.08 

JPo ➔Hi Fluoride 0.49 
pr3+ JP1 ➔Hi Fluoride 0.52 

1 D2 ➔F.i Silica l.05 
1 G.i ➔Hs ZBLAN 0.48 

Tm3+ JH.i ➔H6 Fluoride 0.80 

JF.i ➔H6 Silica/Fluoride l.90 
SmJ .. G512 ➔H912 Silica 0.65 
Yb., ... .. Fs12 ➔F112 Silica/Fluoride l.02 

Note: The wavelength shown in Table 2.1 is only indicative of the spectral region since 

it can be tuned over a wide range(~ 50 run) for most fiber lasers. 
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be operated either in continuous wave or in pulse mode. Continuous wave EDFLs are 

preferred for applications in multi-channel lightwave systems, while pulsed mode EDFLs 

in soliton communication systems. The techniques of Q-switching and mode locking [13-

14] can be used to produce high power short duration pulses, which will not be discussed 

in this thesis. We restrict our research to cw single-longitudinal mode EDFLs. In the next 

section, the merits of fiber lasers will be discussed. Section 2.3 will give a review of 

EDFLs. 

2.2 Merits of Fiber Lasers 

After over 20 years of research, fiber laser technology has moved from the 

laboratory to the commercial marketplace. Fiber lasers are well suited to industrial 

applications because they are compact and reliable. They have many advantages over 

other type of lasers. When compared to many solid-state and gas laser systems, fiber 

lasers are simpler and more compact and can be pumped with diodes. Compared to laser 

diodes. fiber lasers are spectrally cleaner and can be modulated with less chirp and signal 

distortion. Moreover, fiber-to-fiber compatibility is a distinct advantage in optical 

communication systems. Some of the merits of fiber lasers are: 

• The intense and concentrated pumping available in rare-earth doped, single­

mode fibers leads to lower threshold three-level laser operation, and improves 

efficiency, just as tighter confinement improves diode laser performance. 

• The long, thin geometry of fibers makes heat removal much easier than in 

bulk solid-state lasers and the higher efficiency also means there is much less 

heat waste. 

18 



• Fiber waveguide and splicing alleviate any mechanical alignment of parts and 

provide superior environmental stability. 

• There are many possible laser cavity designs and configurations, which are 

less cumbersome and more stable than their bulk optics counterparts. 

• The long fiber cavity length leads to a very narrow linewidth; it also makes 

continuous wavelength tuning possible since cavity modes are closely spaced. 

• High output and low relative intensity noise. 

2.3 Review on Erbium-Doped Fiber Lasers 

The first erbium-doped fiber laser was reported by R.J. Mears et al. [15] in 1986. 

The 90 cm single-mode EDFL described in [15] was pumped with a A.= 514.5 nm argon 

ion laser. It had a threshold of 30 mW absorbed pump power and a slope efficiency of 

0.6%. In 1987. a low threshold (~ 2.5mW) cw operation of EDFL was demonstrated. 

pumped by a Styrl 9M dye laser at 807 run [16]. The first laser-diode (LD) pumped 

EDFL was also reported in 1987; it used an 811-nm AlGaAs pump source [17]. It has a 3 

mW oscillation threshold and 130 µ W output power with a slope efficiency of 3.3%. The 

performance of EDFL [18-19] has been improved since these experimental results. In an 

EDFL pumped with a 0.82-µm LD, the threshold pump power was 5 mW with a slope 

efficiency of 8.5% in a 70-cm long cavity [18]. In another EDFL, with AlGaAs array for 

pump LD, output powers of EDFL [19] at l.5 µm could be increased up to 8 mW with 

13.5% slope efficiency with respect to launched pump power. However, the 800-nm 

pump band of Er3+ suffered from the serious disadvantage of pump excited-state 

absorption (ESA), which limited further improvement of the EDFLs. 
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The performance of EDFLs improves considerably when they are pumped at the 

0.98 or 1.48-µm wavelength because of the absence of ESA. Indeed, semiconductor 

lasers operating at these wavelengths were developed solely for the purpose of pumping 

Er-doped fiber. Their use has resulted in excellent 1.55-µm fiber lasers to the extent that 

such devices are available commercially. As early as 1989, a 0.98-µm-pumped EDFL 

exhibited a slope efficiency of 58% with respect to absorbed pump power [20], a figure 

that is close to the quantum limit of 63% obtained by taking the ratio of signal to pump 

photon energies. EDFLs pumped at 1.48 µm also exhibit similarly good performance. In 

fact. the choice between 0.98 and 1.48 µm is not always clear since each pumping 

wavelength has its own merits. Both pumping wavelengths have been used for 

developing practical EDFLs with excellent performance characteristics [21-22]. 

The most important characteristics of cw EDFLs are their ability to provide narrow­

linewidth single-longitudinal-mode (SLM) output and continuous wavelength tuning over 

a wide range. Such lasers are required for coherent optical communications, fiber 

sensing, and range finding. A wide variety of EDFL designs, based on either linear 

Fabry-Perot (FP) [23-28] or ring configurations [29-38], have been demonstrated by 

several research groups. 

The first demonstration of SLM operation of EDFLs was based on a Fox-Smith 

resonator configuration [23]. The resonator was formed by coupling two cavities of 

erbium doped fiber as shown in Fig. 2.1. The two cavities of length 80 and 95 cm were 

pumped by an argon ion laser (514 nm) through port 1. The ends of arms 1 and 4 were 

butted against the dielectric mirrors. A diffraction-grating system was used on port 3 to 

tune the laser. In this configuration, longitudinal mode selection is based on the principle 
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of coupling two laser cavities of different lengths; the lengths are chosen so that the two 

sets of Fabry-Perot modes coincide only with large frequency periodicity, which results 

in a broad effective free spectral range (FSR). SLM oscillation with an 8.5 MHz 

linewidth and a slope efficiency of 0.04% were obtained in this configuration. The main 

drawback of this linear approach is the bulk pumping system, bulk tuning component, 

and end-butted fiber-mirror interface, which result in a poor pump efficiency, 

consequently, a low slope efficiency. Furthermore, a mirror with dielectric coatings 

could be damaged by focused, high-power pump radiation. 

Modem fiber device-fiber Bragg grating (FBG), which is fabricated by the 

transverse writing of feedback elements directly into the fiber core with a UV radiation 

[39-40], provides a perfect way to avoid pumping the light through the dielectric mirrors. 

FBG is a reflective type of filter \\ith a much narrower bandwidth than a dielectric 

mirror. In 1991. G.A. Ball [24] first utilized two FBGs to form a 50 cm linear FP cavity 

as shown in Fig.2.2(a). The two Bragg gratings were written holographically into the 

core of single-mode erbium-doped fiber. The reflectivities of the two FBGs were 80% 

and 72%. The laser was pumped with a Ti:sapphire laser at 980 nm. SLM operation with 

a 47 kHz linewidth was achieved. In this configuration, the FBGs provided good 

longitudinal mode discrimination and cavity feedback. 

Single-frequency linear EDFLs with FBGs are attractive because of their 

engineering simplicity. In order to ensure single-frequency operation, however, such 

lasers must necessarily be short (a few centimeters) [41-42] so that only a few axial 

modes fall within the reflection bandwidth of the FBG. As a result of their inherent short 

lengths, these lasers normally suffer inadequate pump absorption, hence poor efficiency 
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and low output power. Increasing the erbium dopant concentration as a means of 

increasing the pump absorption is however problematic. It can result in self-pulsation 

and ion-ion interactions [43-44], which are detrimental to the performance of the laser. 

This problem can be alleviated by either co-doping Er3+ fiber with Yb3+ [45-46] or 

using the so-called master-oscillator power-ampiifier (MOPA) [47-48]. The Yb3 
... -

codoped Er3+ phosphate-glass or aluminophos phosilicate (P/ Al/Si) fibers are capable of 

efficient pump absorption at 980 nm up to two orders of magnitude greater compared to 

Er'+ -doped fibers. As a result, co-doped Er/Yb fiber lasers show high output 

characteristics. Unfortunately, such lasers suffer from limited tunability (~ 5nm) due to 

the narrower gain spectrum of Er/Yb fibers [49]. The MOPA configuration (shown in 

Fig. 2.2(b)) is based on a short robust single frequency fiber laser followed by a piece of 

amplifier fiber. which is pumped by using the residual pump power from the laser. This 

design, while offering a high-power output and robust single-frequency operation. 

suffers from the high relative intensity noise (RIN), which is attributed to the low power 

oscillation. 

An alternative approach which can alleviate these problems is to use a 

unidirectional ring configuration. lt is well known that travelling-wave operation can 

eliminate spatial hole burning. This makes a ring-cavity design more suitable for SLM 

operation than a linear-cavity design when operating above threshold. Since ring 

configuration allows the use of much longer gain fiber lengths, ring lasers have 

potentially high slope efficiencies. Owing to the long cavity lengths, they also have 

narrow linewidths. 
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Because of these advantages, in recent years, there has been an increased interest in 

unidirectional erbium-doped fiber ring lasers (EDFRLs) [29-38]. So far, several different 

travelling-wave cavity designs have been studied, including unidirectional ring cavities 

[29-33] and unidirectional Sagnac-like loop cavities [34-38]. Robust SLM oscillation in 

the typically long cavity of a ring EDFL requires mode selection from an enonnous 

number of densely spaced longitudinal modes lying beneath the erbium gain curve. 

Various schemes of mode selection have been used to achieve SLM operation in 

EDFRLs. 

In an early experiment [29], two cascaded fiber Fabry-Perot (FFP) etalons with 

widely different FSRs were inserted in an EDFRL as mode selectors. Each of the two 

FFP filters has its own principal function in the compound resonator. The tuning and 

coarse mode selection were accomplished by the FFP with a large FSR (70 run), while 

the FFP with a small FSR (12 GHz) was for fine mode selection. SLM operation with a 

linewidth less than 5.5 kHz was realized. Relatively good performance has been 

achieved in this configuration although the FFPs and a few optical isolators make it 

costly; moreover Ff Ps are prone to drift in the central wavelength as well. 

Another attractive all-fiber ring configuration was reported by J. Zhang et al. [21 ], 

as shown in Fig. 2.3. This structure was based on an all-fiber compound-ring resonator in 

which a dual-coupler sub-ring was inserted into the main cavity as a mode selector. 

When combined with a tunable bandpass filter, the resonator enables robust SLM laser 

oscillation. The stable mode-hop free operation is achieved by an active stabilization 

scheme. Stable SLM with a linewidth less than 5 kHz was realized. Such a laser could 
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be tuned over 45 nm with a 20 mW output. In addition, similar structures [31,33] based 

on sub-ring resonator have been investigated to achieve SLM operation. 

Besides the ring-cavity design, Sagnac-like loop cavity (34-38] is another type of 

travelling-wave configuration. It is of interest as it allows the use of reflective-type filter 

( e.g. FBG) rather than transmission-type filter, such as FFP, sub-ring resonator, in a ring 

cavity design. Fig. 2.4 shows the basic structure of a loop cavity. The fiber loop was 

formed by joining two output ports of a 3 dB coupler. With this configuration, G.J. 

Cowie et al. (34] demonstrated a SLM operation with a linewidth of 10 kHz. However, it 

suffers from mode hopping. Good performances have been achieved by the use of FBG 

(35] instead of dielectric mirror, and additional filter such as a narrowband grating filter 

(36], and a self-induced tracking filter (37] based on a piece of unpumped erbium-doped 

fiber. A similar configuration (38] which used an optical isolator instead of 3 dB coupler 

also gave good results. 

980-nm 
Pump LO 

►I 

Figure 2.3 Attractive all-fiber ring configuration 
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Figure 2.4 Basic structure of a loop cavity 

Unidirectional operations of the above ring-cavity or loop-cavity lasers were 

achieved by using a nonreciprocal element - optical isolator. Unfortunately, such 

isolators will introduce additional destructive losses and much higher costs. 

Recently, unidirectional erbium doped fiber ring lasers have been demonstrated 

without optical isolators (50-51]. In one case, nonreciprocal operation was achieved by 

an S-shape feedback loop fanned by two couplers; a combination of polariz.ation splitter 

and output coupler was used in the other. Although the linewidths of the lasers were 

measured to be less than 0.05 nm in (50] and 0.2 nm in (51], limited by the resolutions of 

the optical spectrum analyzers, single-longitudinal-mode operation was not confirmed. 

2.4 Pump and Gain 

When a rare-earth element, erbium, is doped into a silica host, it becomes triply 

ionized Er3+. Due to the neighbouring atoms in the host lattice, Er3+ is subject to a crystal 

or ligand field. The ligand field caused a stark splitting of Er3+ energy level, and further, 

the amorphous nature of glass broadens energy levels of Er3+ into bands. Fig. 2.5 shows 

the relevant energy levels of Er3+ in silica glasses. 
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Figure 2.5 
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The relevant energy levels of Er3+ in silica glasses 

A few transitions can be used to pump an erbium-doped fiber (EDF). However, the 

pump bands of 0.98 µm and 1.48 µm are the preferred choices as they are free from the 

problem of the excited state absorption. Normally, pumping can be achieved by the use of 

wavelength-division-multiplexing (WDM) coupler for both ring cavity and linear cavity. 

Optical gain is realized when the laser medium is pumped to achieve population 

inversion. Fig. 2.6 shows the general pump bands available to achieve stimulated 

emission at - I .5 µm for an erbium doped silica fiber. The various absorption bands seen 

in this spectrum correspond to the absorption transitions shown in Fig. 2.5. Fig. 2.7(a) 

shows the gain and absorption spectra of an erbium-doped fiber (EDF) whose core is 

doped with germania [52]. The gain spectrum is quite broad with a double-peak structure. 

The shape and the width of the gain spectrum is quite sensitive to core composition. Fig. 

2.7(b) shows the emission spectra for four different core compositions [53]. 

27 



... 

500 700 'l00 Ila) 13011 1500 

N~(Mtl 

Figure 2.6 Absorption spectrum of an erbium doped silica fiber 

10 

8 6~ 
E ;; 

e ,n ~, ... 
:::) ' cl 6 b ~I ~ 4 <1 

C: ~ -1 
iv C: i I CIO .!:! a " I u i .,. I ~ ~ .,, 

I .:! 
,"'~Gain 

2 ., ., 
2 ~ .. ,,, ------a I a 

1.48 1.50 l.52 l.54 1.56 
1'80 

Wave1engtn (1,1ml 
1500 1520 IS-,0 1560 

W~velengtr, 1nm1 
1900 

(a) (b) 

Figure 2.7 (a) Absorption and gain spectra of an erbium doped germania fiber 
(b)Emission spectra of four EDF with different core compositions 

2.5 Theoretical Model 

Two main ingredients of a laser are a gain medium that provide amplification and a 

suitable cavity that provides optical feedback. To obtain an efficient EDFL, the design of 

laser cavity, including output coupler ratio, doped fiber, and cavity loss is very important. 

There have been a few models to characterize the behavior of EDFLs [54-56], however, 

their expressions for operating characteristics are in terms of fiber and atomic parameters, 

28 



such as the erbium atom density, the excited-state spontaneous lifetime, emission cross­

section and absorption cross-section. Measurement of these parameters is time 

consuming. The paper by Pfeiffer et. al. [57] is an exception, but he did not give 

optimization of fiber parameters. In the next two sections, we derive analytical 

expressions for an erbium doped fiber ring laser, including laser threshold, output power, 

slope efficiency, and optimum length of EDF. These expressions are based on cavity loss, 

coupler ratio, and easily measured fiber data, i.e., saturation powers, and small signal 

absorption coefficients. 

2.5.1 Rate Equations 

The theoretical model that we consider is based on a basic fiber ring configuration, 

depicted in Fig. 2.8. The gain medium is a piece of EDF with a length of L. For pump 

wavelengths that are free from ESA, the propagation of pump and signal waves could be 

described by a set of equations that only take into account the population of the upper 

laser level (411312) and the lower laser level CI1s12) of the erbium ions. The rate equation 

for the population of the upper level Ni and the amplification or attenuation of the local 

intensity h are described by 

(2.1) 

(2.2) 

Here Uj indicates the direction of propagation of the pump (j = p) and signal wave (j = s): 

Zl_j = + 1 for positive z-direction, Uj = -1 for negative z-direction. r is the upper level 

spontaneous lifetime, h '1 the photon energy, UJ;em and UJ;abs the emission and absorption 
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cross section respectively, and subscript k stands for either p for pump beam or s for 

signal beam. 

EDF 

Figure 2.8 Schematic diagram of an EDFL 

In equilibrium. from Eq.(2.1) the population of the upper level is 

(2.3) 

By inserting Eq. (2.3) into (2.2), and integrating it over the fiber cross section, then the 

change of power in a pump beam or signal beam is given by 

aP1e 1 I J1 aP1 -=-u P. (a +- u ---) 
!3- le le le P.- J 1 !3-
U4 le J=p.s II.le Ui. 

(2.4) 

with the small signal absorption coefficient 

(2.5) 

and the saturation power 
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(2.6) 

where p is the erbium ion density within the active volume of cross sectional area A. I'tc is 

the overlap integral between the erbium distributions. 

2.5.2 Operating Characteristics 

In this section, we wiil examine a few important parameters characterizing a fiber 

ring EDFL, which include output power, laser threshold, slope efficiency, and optimum 

length of EDF. 

Integration of Eq. (2.4) over the length L of the EDF yields 

(2.7) 

Let Pp and Ps denote the pump power and the laser signal power. The corresponding 

values of ui in Eq.(2.7) are l and 1. as the ring laser operates unidirectionally, the 

backward signal power has been neglected. Assume that the single-pass gain for the EDF 

is G, which gives 

(2.8) 

Then, Eq. (2. 7) can be simplified as: 

(2.9) 

(2.10) 

where 

(2.11) 
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or, from Eqs.(2.8) and (2.9): 

(2.12) 

Now, referring back to Fig. 2.8, during a round trip, the laser cavity has a total cavity loss 

8 =P3 =_l_ 
C<lll P. T R 

I f 

where R is the reflectivity of the output coupler, and T1is the transmission factors 

describing the round trip loss from P1 to P1 in the passive fiber cavity. 

(2.13) 

The gain G between PI to P 3 is determined by the well-known threshold condition: 

G=-l­
T1R 

(2.14) 

By solving Eqs. (2.8-14), one can obtain the intra-cavity circulating laser power 

Ps(L) at the end of EDF: 

(2.15) 

2.5.2.1 Output Power 

A fraction of the circulating power Pll) is transmitted from the output coupler as 

the output power. Hence we can write the output power as 

P.,u, = (l-R) • P.(L) (2.16) 

therefore 

P = l-R {A.PP (0)[1-exp(-a L-(a L-lnRT ) · Pt' -~)]-psat(a L-lnRT )} 
our l - RT A. p p s J psat A. s s J 

/ J p p 

Eq. (2.17) 
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This equation shows how the laser output power depends on the pump power, the 

length of the EDF, and other parameters associated with the passive cavity (i.e., R. Ti) 

2.5.2.2 Threshold and Slope efficiency 

The threshold pump power can be found by setting Pout = 0. The slope efficiency is 

a measure of efficiency with which the laser converts pump power into the output power 

once it has reached threshold. By rewriting Eq. (2.17) as 

(2.18) 

then. the threshold pump power and the slope efficiency turn out to be 

l p·'01 (a L-lnRT ) 
P--1\.-'. ' • I 

th - A. pxat A. 
P 1-exp[-a L-(a L-lnRT )·-'-·-'] 

p ' I P"" A. 
p p 

(2.19) 

l - R A. [ P"" l ] 'l· =-- PP (0) 1-exp(-a L-(a l-lnRT )·-'-·-') 
~ I - RT. A. p p • f prat A. 

/ r p p 

(2.20) 

2.5.2.3 Optimum length of EDF 

The effect of pump decay along the EDF results in non-uniform medium inversion. 

Since the medium is absorbing laser signal when not inverted, the fiber becomes lossy at 

laser wavelengths beyond a certain length. Therefore, for a given pump power, there is an 

optimum length Lapt of the EDF that maximizes the output power. 

From Eq.(2.9-2.10), one can obtain the ratio of the residual pump power to pump 

power 

(2.21) 
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where 

(2.22) 

Combining Eqs.(2.12), (2.14 ), (2.15), and (2.16) yields the output power in another form 

P0 u, = l _ ~T, { ~P PP (0)[1-(T1 R)-c exp(.s-a, -a P) • L ]- P;'m [a,L - ln(T1 R) ]} (2.23) 
1 \,,. .. J 

By using the condition dP0
"

1 = 0, we can find the optimum length of EDF: 
dL 

2.6 Summary 

(2.24) 

This chapter describes the basic principle of an erbium doped fiber laser (EDFL), 

including reviews of fiber lasers, merit of fiber lasers, as well as EDFL. The analytical 

expressions of operating characteristics such as output power, threshold, slope efficiency, 

and optimum length of EDF have been derived, based on the rate equations. 
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Chapter 3 

Fiber ring resonators with 
an external reflector 

As we have mentioned in chapter 1, the design of laser cavity is a key step in building a 

fiber laser with good performance. Various configurations based on two types of cavities, 

linear FP cavity and ring cavity, have been reviewed in chapter 1. Among these designs 

unidirectional fiber ring lasers have been particularly attractive, because they have 

excellent lasing efficiency, and are able to eliminate back scattering and spatial hole­

burning effects. Consequently, these lasers have better potential to achieve single­

longitudinal mode oscillations. Ring-structure erbium-doped fiber laser with 

transmission-type filters, such as FP filter [1 ], Mach-Zehnder interferometer (MZTI [2], 

and ring filter [3] have been demonstrated. Compared with fiber Bragg grating (FBG) 

filter [4], these filters are expensive and complicated. Unfortunately, FBG is a reflection­

type filter. Recently, the loop-structure (Sagnac-type geometry) erbium-doped fiber laser 

[5-7] has attracted much attention because it allows the use of FBG as a filter in a 

traveling-wave cavity. 

Conventionally, one or more optical isolators (QI) are included to force the wave 

propagation unidirectional. However, such isolators will introduce additional destructive 

losses and increase the costs. More recently, unidirectional erbium-doped fiber ring lasers 

without optical isolators have been reported [8-9]. In one case, nonreciprocal operation 
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was achieved by an S-shape feedback loop formed by two couplers [8]; in the other case 

a combination of polarization splitter and output coupler was used [9]. 

In this chapter, we present a new resonator design for a fiber laser to achieve 

unidirectional operation by using an external reflector, which may be a FBG. Such a 

scheme has two advantageous. First unidirectional operation can be achieved without the 

use of an O I. Second it allows the use of reflection-type FBG in a ring structure. 

This chapter is divided into three sections. The first section describes the principle 

of operation of the resonator. The second section deals with the directionality analysis of 

the resonator, for determining how to choose the coupler coefficient to favor one 

direction over the other. In the third section, the resonator is analyzed to find the 

characteristics of the resonator. 

3.1 Principle of operation 

Figure 3 .1 shows the basic structure of 

the fiber ring resonator with an external 

reflector (FRRER). It is just a simple fiber 

ring resonator (FRR), with a reflector 

inserted at one end of the coupler. This 

reflector introduces some very interesting 

properties to the resonator. 

oc 

Figure 3.1 Schematic ofFRRER 
OC: output coupler; R:end reflector. 

Because the resonator will be used to construct lasers, a piece of fiber with a gain 

medium, for instance an erbium-doped fiber (EDF), is added to the ring as in Fig. 3 .2. 
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Suppose the EDF is pumped by a 980-nm or 1480-nm laser diode. Below the lasing 

threshold, the amplified spontaneous emission travels around the ring cavity in two 

directions, clockwise (cw) and counter clockwise (ccw) directions. At the output coupler 

( QC), the ccw wave in port 4 is partly coupled into port 2 and leaves the ring as output; 

the other part propagates to port 1 and, after traveling around the ring, is returned to port 

4. The cw wave is divided into two parts by the OC; part of it proceeds from port l to 

port 4 and then returns to port 1 again; the other part that is coupled into port 3 is 

reflected by a reflector and returned partly to port 2 as output and partly to port l as a 

ccw wave. Because of this latter injection of wave into the ccw direction from a wave 

that is originally traveling in the cw direction, some nonreciprocal losses between the two 

directions are introduced into the ring cavity, which may ensure unidirectional oscillation 

in the ccw direction without the need of an 01. 

oc 

EDF 

A B 

Figure 3.2 Configuration of FRRER with EDF. 
OC: output coupler; R: reflector;EDF: Er3

• -doped fiber. 
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3.2 Directionality Analysis 

In the previous section, we have described how by means of an external reflector, 

nonreciprocal loss may be achieved for the cw and ccw directions. In this section, we will 

explore the directionality property of FRRER by calculating the loss difference (LD). LD 

is defined as 

LD = l O log( Rlccw) 
Rlcw 

(3.1) 

where RI ccw and RI cw are the resultant intensities for the ccw and cw directions, 

respectively. Obviously, it is desirable to have a big LD in order to achieve a better 

unidirectional performance. By following the propagation of a ray in Fig.3.2, we 

calculate the LD. Let us consider that the same amount of light intensity Im is launched at 

points A and B in the cw and ccw directions, where the light is caused by amplified 

spontaneous emission (ASE), generated in the EDF below lasing threshold. We trace the 

light in the two directions and calculate the returned intensities at point A as Rim .. and at 

point B as RI cw. As no circulating intensity exists from point A to B or B to A, it is ready 

to write LD as 

LD = l0log[k
2

(l- y)2 r + 1] 
1-k 

(3.2) 

where r is the reflectivity of the end reflector; k and y are the intensity coupling 

coefficient and coupler intensity loss coefficient, respectively. Eq. (3.2) can also be 

derived as in appendix B. 

Figure 3 .3 shows how the loss difference depends on the coupler coefficient k and the 

coupler loss y. The reflectivity of the end reflector is assumed to be 100%. It can be seen 

that the LD increases with increasing le, while the coupler loss slightly degrades the LD. 
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On the other hand, the influence of the end reflector on the loss difference is very 

important. It is clear from Fig.3.4 that high LD can be obtained when both Rand k are 

high, whereas high R is critical and required, since LD tends to O (i.e., equal loss in both 

directions) as R ➔ 0 , no matter how high k is. 

It can be noted in Fig. 3 .2 that part of the cw light is coupled into the ccw 

direction by the reflector while the ccw light offers no contribution to the cw direction. 

As a result, the loss difference between the two directions arises, which depends on the 

parameters of the coupler as shown in Fig.3.3. Thus, lasing oscillation would be favored 

in the ccw direction, provided the EDF is a homogeneously broadened material. It is well 

known that the line-broadening of an EDF has both homogeneity and inhomogeneity [10-

11]. Fortunately, at room temperatures, the homogeneous linewidth of EDF is about 2 nm 

[8]. Therefore. if the linewidth of the end reflector is chosen to be less than 2 nm. such 

principle should work. This has being proved in our experiment in chapter 5, where a 

unidirectional operation was achieved with a high power difference (~37clB) between the 

two directions. 

3.3 Resonance Analysis 

It is well known that the resonance properties of a resonator may be evaluated by 

assuming that an input field E;n is launched into the cavity through one of the two ports of 

the output coupler. For a general ring resonator, either of the two ports may be chosen to 

inject the input to analyze the resonator since lights in cw and ccw directions are 

reciprocal. However, the FRRER in Fig. 3. l is a nonreciprocal resonator, as discussed in 

section 3.1-3.2, therefore two cases, in which light is separately injected into the two 

ports of the output coupler, should be considered. Case I has light circulating only in the 
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ccw direction shown in Fig. 3.5(a), where the light is launched into port 3. Case II has 

light circulating in both cw and ccw directions, as shown in Fig.3.5(b); in this case, the 

light is launched into port 2. Both cases describe the state when the laser is first turned 

on. Because of the nonreciprocal loss difference in the two directions, ultimately case II 

will evolve into case I and lasing will be favored in the ccw direction. 

Figure 3.5 

3.3.1 Case I 

(a) 

Schematic for resonance analysis (a) Case I 
R: end reflector; C: coupler; E;n: input field. 

(b) 

(b) Case II 

The schematic diagram of case I is shown in Fig.3.S(a). It is a single-coupler FRR, 

formed by splicing the two directional ports of the coupler C. The ports of the coupler are 

numbered as l to 4 in counter-clockwise manner starting from the left. When input light 

is launched into port 3, part of the input light comes out as an output, and the other part 

circulates inside of the fiber ring. The coupler has an intensity coupling coefficient k and 

intensity loss y, and the fiber ring has a cavity length / and a splice loss q . 

By using coupled-mode equations for the fiber coupler and the propagation 

relations along the fibers, one can find the output electric field and circulating electric 
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fields, which are given in appendix Cl. It is noted that for simplicity of analysis, we've 

made a few assumptions as follows. 

1. Coupler and fiber are polarization-maintaining so that the complex electric fields can 

be treated as scalars. 

2. The coupler has zero length, no backward reflection, and it is reciprocal, i.e., coupling 

ratio from port I to 4 is the same as from port 4 to 1. 

3. The coupler is frequency independent. 

4. Input light intensity is always low so that nonlinearities may be ignored. 

From the electric fields, one can obtain in a straightforward manner the 

normalized output and circulating intensities: 

' E - b2 

I = --1.!!.. = ---------1
" Em (1- ap)2 +4apsin2(c5 /2) 

, 
/, = £2" - _ [a-(1-y)pf +4a(l-y)psin2(c5/2) 
-" E,n - (I-ap)2 +4apsin2(c5 /2) 

For simplicity, we have set 

c5 = /3 ·l 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

Where p, ,5, and /J are the transmission factor, the phase change for a round trip of the 

fiber ring, and the propagation constant, respectively. 

For a weakly guiding fiber, /3 can be expressed approximately as 

(3.8) 
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where n is the refractive index in the fiber core, v is the frequency of the light coupled 

into the cavity, and c is the velocity oflight in vacuum. 

In Eqs.(3.3)-(3.4), lia and lia describe the output intensity and circulating 

intensity, respectively. When the fiber ring is at perfect resonance, all the energy should 

be circulating inside the ring and no energy comes out. Then we could set I 2" = 0 in Eq. 

(3.4); this will give us the optimum resonance conditions, which are 

kap, =l-p2 -(1-y) 

8 = P·l =2m,r 

(3.9) 

(3.10) 

where Eq.(3.9) and Eq.(3.10) are respectively, the amplitude condition and the phase 

condition for resonance; and the subscript opt in Eq.(3.9) denotes optimum. In the 

following, we will examine the properties of the resonator and give some computed 

results. 

3.3.1.1 Frequency response 

Figures 3.6(a) and 3.6(b) show the frequency responses of ha and / 13 with 

coupling coefficient k as a parameter. Obviously, the resonator behaves like a FP, except 

that it has a channel-dropping response. At optimum resonance, the circulating intensity 

reaches maximum and the output intensity reaches minimum. When k departs from K'.opt. 

the circulating intensity decreases and the output intensity increases; when k < k,,p,, the 

curves become sharper, and it becomes broader for k > k
0
p, . 

3.3.1.2 Effects of losses 

The frequency responses of the intensities with different transmission factors are 

shown in Fig.3. 7. The coupling coefficients are chosen to be the optimum value kopt. in 
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order to isolate the effect of the transmission factor since K"opt greatly depends on the 

transmission factor, as seen in Eq.(3.9). From Fig.(3.7), it can be seen that the 

transmission factor degrades the properties of the resonator by decreasing the circulating 

intensity and increasing the linewidth of curves, and consequently the finesse of the 

resonator. 

3.3.2 Case II 

Figure 3.S(b) shows the configuration for Case II. It is a FRRER, formed by a 

FRR with an external reflector spliced to port 3. The input light launched into port 2 is 

partly coupled into port 4 while another part is coupled into port3. This latter part is 

reflected by the reflector. Part of the reflected light comes out as an output, and the other 

part joins the circulating light in the ccw direction. The input light at port 4 will form the 

circulating light in the cw direction. 

The normalized circulating intensities and the output intensity can be obtained 

from the electric fields, which are derived in appendix C2: 

with 

, 
E - b~ 

I = --!!!.. = ---------
"'" E;n (l-ap)1 + 4apsin1(8 /2) 

2 

E., '21, '2 11., = ia =rpo( 3at =rpo 
[ a - (1 - y) pf + 4a(l - r) p sin 2 

( c5 / 2) 
2 

[O-ap)2 +4apsin2('5 /2)] m 

Po = e-<alo+?ol 

(3 .l 1) 

(3.12) 

(3.13) 

(3.14) 
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where pO and qO are the transmission factor and the splicing loss of the fiber between 

port 3 and the reflector. 

In the above equations, I2a, I4a. and I1a represent the output intensity, and the 

circulating intensities in the cw and ccw directions, respectively. 

The intensities in Eqs.(3.11)-(3.13) can also be conceptually obtained from another 

approach. That is to transform the resonator irt Fig.3.5(b) to an unfolded equivalent model 

as shown irt Fig.3.8. 

I 

I 
Figure 3.8 Unfolded equivalent model of the configuration in Case II. 
The right-hand side of the dash line is a mirror image of the left-hand side. 

Consider the input light which leaves port 3 as shown in Fig.3.5(b). When it reaches the 

end reflector, instead of being reflected back to port 3, it will serve as an input in the 

mirror image of the resonator as shown in Fig.3.8. Therefore, for a systematic 

presentation, the normalized output intensity and circulating intensities in the ccw 

direction should be l 2a , l 1a in the image resonator of the right side. Based on the results 

in case I, one can write these intensities as: 

and also have: 

t' = r2 p2 (/11 )2 = r2p2 ([1 )2 
2a O 3a O 2a 

I ll 2 2[//111 2 2// 1/ 
la = r Po 3a 4a = r Po 2a la 

(3.15) 

(3.16) 
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I ll II 
4a = la• I ll II 

3a = 2a (3.17) 

where the superscript I and II in Eqs.(3.15)-(3.17) denotes case I and II, respectively. 

Obviously, the intensities obtained by direct derivation and simple equivalent model are 

identical. 

By setting I20 = 0 in Eq.(3.13) or / 20 = 0 in Eq.(3.15), the optimum conditions 

are found to be the same as in case I, which is expected from Eq.(3.15). In the same way 

as in case I, we will explore the characteristics of case II, together with a comparison 

between the two cases. 

3.3.2.1 Frequency response 

Figure 3.9 shows the frequency response of the circulating intensity I1~ in the 

ccw direction with four different coupling coefficients. It can be seen that the shape of the 

curve can change from a quasi-channel-passing type to a channel-dropping type under 

certain conditions. At the optimum value /copt, the intensity of the resonant curve is of a 

quasi-channel-dropping type with a profound dip and zero intensity. The depth of the dip 

decreases when k increases, and the curve becomes a channel-passing type with a flat top 

at k = 0.16 . If k increases further, the flat top disappears, and the shape of the resonator 

curves is similar to the shape of the circulating intensity I,~ or I 1~,. 

As mentioned in section 3.13, when such a resonator (in case II) is used to 

construct a laser, both case I and case II are used to describe the state below the 

threshold. Then, the resultant circulating intensity in the ccw direction I1~ should be the 

superimposition of I1~ on / 1~ • That will lead to a high circulating intensity and narrow 

linewidth, for example, if kis chosen to be 0.25 (see Fig.3.6 and Fig.3.9), compared with 
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FRR with the circulating intensity of I/
0 

only. It is well known that high circulating 

intensity and narrow linewidth are desirable for lasers. Therefore, the single fiber ring 

resonator with an external reflector will give a better performance, compared with the 

single fiber ring resonator. 

The frequency response of the circulating intensity / :~ in the cw direction has the 

same curve as the circulating intensity //., in case I from Eq.(3.17), shown in Fig.3.6(a). 

The resonant curve of the output intensity as a function of the coupling coefficient k 

is shown in Fig.3. I 0. It has a behavior similar to that in Case I. The difference between 

the two cases will be given the next sub-section. 

In Figs. (3.9) and (3.10), we have kept the reflectivity r of the reflector constant at 

0.99. The reflector plays an important role in that it offers the resonator a loss difference 

in the two directions as discussed in section 3. I, and also special resonant characteristics. 

From Eqs.(3.15)-(3.16), it can be seen that when r decreases, /~~ and I/! will decrease as 

r 2 
• When r is zero, case II becomes identical to case I. 

3.3.2.2 Comparison between Case I and Case n 

Case I and II become different when an end reflector is added to the resonator. 

Then the circulating intensity / /! in the ccw direction is generated in case II while it is 

absent in case I. The curve of I/! is fairly dependent on the coupling coefficient, as 

shown in Fig.3. 9. 

Although the curves of the output intensity in the two cases are quite similar, they 

have different characteristics in intensity and finesse. The finesse of the fiber resonator is 
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defined as the ratio of the resonance peak spacing to the full width at half maximum 

(FWHM). Figures 3.1 l(a) and (b) show the output and finesse as functions of the 

coupling coefficient in the two cases. Figure 3.1 l(a) tells us that the output intensity in 

case II is less sensitive to the deviation of k
0
p1, compared with case I. This property may 

be very useful in practical applications. This is because k
0
p, greatly depends on 

transmission factor, which is unpredictable when the coupling coefficient is chosen. 

However, the finesse will degrade in case II by 2 times. Therefore, there is a tradeoff 

between the two cases when used as a filter. 

3.4 Summary 

We have reported a fiber ring resonator with an end reflector (FRRER). Such a resonator 

has a loss difference between the clockwise and counter-clockwise directions. 

Consequently, if it is used as a laser resonator, unidirectional operation may be obtained 

without one or more optical isolators. A directionality analysis is studied in terms of the 

loss difference, by assuming that the same amount of light is launched into the cw and 

ccw directions. To comprehend the properties of the passive resonator for lasers, we have 

analyzed the FRRER and the FRR, which are referred to as case II and case I. 

respectively. The optimum conditions and intensities in terms of the coupling coefficient 

and the losses are investigated. It is found that the optimum conditions are the same and 

the intensities in the two cases are correlated, which can be better understood from its 

unfolded equivalent model. When the coupling coefficient departs from the k
0
p1, the 

curves of the circulating intensities ( / 1~ and / (!) in the two cases have Lorentzian 

shapes. Therefore, compared with the FRR, the resultant circulating intensity ( !{
0 

+ I,!) 
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in the FRRER will lead to a higher circulating intensity and narrower linewidth. They are 

desirable properties when the resonator is used in lasers. 
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Chapter 4 

Compound Ring Resonator 
with an external reflector 

4.1 Introduction 

Optical fiber-based ring resonators with one or multiple couplers [1-8] have many 

practical applications in fiber lasers, optical filters, and fibre sensor systems. When an 

optical resonator is used in single-frequency fiber lasers or densely spaced optical 

frequency division multiplexing (OFDM) systems, a large free spectral range (FSR) is 

required for mode suppression and more channels. In chapter 3, we have described and 

discussed FRRER including FRR. These resonators are single ring resonators. When they 

are used in practical laser systems, it is unavoidable to have a cavity length tens of meters 

long, because of the inclusion of a number of intracavity elements, such as polarization 

controller and wavelength multiplexing coupler. Obviously, the long cavity length will 

give a small FSR, which would cause multiple-mode oscillations and mode hopping 

problems. 

In order to increase the FSR to relieve these problems, double-ring resonators [ 4-

8] are the best choice to achieve large FSR with vernier effect. Different configurations of 

vernier filters based on the combination of fiber couplers, fiber rings, and in-line 

amplifier have been reported. Urquhart [4] proposed a vernier fiber ring resonator 

composed of two single-ring resonators in tandem. Oda et al. [5] and Barbarossa et al. [6] 
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suggested compound double-ring resonators based on three couplers with improved 

characteristics. Also Ja [7] reported S-shape double-ring double-loop resonator and 

degenerate two wave mixing. The output fields of these resonators off er channel-passing 

response, acting as a transmission filter for applications in OFDM systems. 

On the other hand, when a resonator is used in a doped fiber laser, high circulating 

field with a channel-passing response is required for better mode suppression. Zhang et 

al. [8] reported a three-coupler compound resonator by inserting a double-coupler fiber 

ring (DCFR) into the main resonator ring. It has been used to make single-longitudinal­

mode fiber lasers [10]. Although this resonator performs well in a fiber ring laser, the 

insertion loss of the mode filter DCFR is quite high (about 2 dB) [1 0]. This is because it 

is difficult to choose the exact coupler coefficient to realize the amplitude resonance 

condition of DCFR; thus, part of energy leaks out of the other port of the DCFR as loss. 

In this chapter, we propose a double-coupler compound ring resonator (CRR), whose 

FSR can be increased by vernier operation. It is simple and easy to make with only two 

couplers. Moreover, with the insertion of an external grating, such a resonator may be 

readily used to construct a unidirectional ring laser without the use of an optical isolator. 

In section 4.2, we will present a new basic double-coupler CRR. To analyse the 

proposed CRR, first, the expressions of output intensity and circulating intensities of the 

CRR are given. Optimum design relationships for resonance can be determined from the 

output intensity. Based on the intensities and the resonance conditions, the characteristics 

of the resonator are investigated in terms of coupling coefficient, losses and resonant 

number, including frequency response, mode suppression and reduction factor. 
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Section 4.3 will be focused on the double-coupler compound ring resonator with 

an external reflector (CRRER). First the principle of the CRRER is described. Next the 

properties of the directionality are investigated to see how the coupling coefficient affects 

the loss difference. Finally, the resonance analysis of the proposed CRRER is presented. 

4.2 Basic Compound Ring Resonator 

Figure 4.1 shows the schematic diagram of the proposed CRR, which incorporates 

two directional couplers. It has two ring cavities, which share a common fiber segment 

Li. The primary ring (ring p) has a total length lp = L1+L3, and the second ring (rings) 

has total length L1= L,+Lz. The ports of each coupler are numbered in a counter­

clockwise manner. The two couplers have intensity coupling coefficients k1 and k1, 

respectively. Port 3 is chosen as the input port, from which the input energy circulates as 

travelling wave in both of the two ring cavities, and the output comes out from port 8. For 

simplicity, the couplers and fibers hold the same assumption as those in chapter 3. 

2 '3 

6 7 

Figure 4.1 The schematic diagram of the CRR 
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4.2.1 Output and Circulating Intensities 

The output and circulating fields of the resonator can be derived by using the 

same method in Chapter3, and are given in appendix Dl. The normalized output and 

circulating intensities, i.e., the products of the relative fields and their complex 

conjugates, can be expressed as: 

with 

Isa =[a1a2PJ -b1b2Pp -pJpp(l-y.)(l-r2)]
2 

+4a1a2b1b2p_,Pp sin 2 [(8P -8J)/2] 

+ 4a1a2p; p P (1-y, )(l -y2 )sin 2 (8P I 2) 

- 4b1h2PJP!O -r, )(1- r 2) sin 2 (8J / 2)}/ Pi Id 

I,o =[b. +b2Ps(l-r.) 2 ]-4b1h2PJ sin2 (8J /2)}/Id 

Id =(l-a1a2 pP +b1b2p,) 2 +4a1a2pPsin 2 (8P/2) 

- 4b1b2p, sin 2 (8 P 12) + 4a1a2b1b2p,p P sin 2 [(8 P -8,) / 2] 

where 4 and Os are the phase changes in ringp and rings. 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

The output and circulating intensities as functions of the phase change of the 

second ring are shown in Fig. 4.2. It is obvious that the curves of the output and 

circulating intensities are of channel-blocking and channel-passing types, respectively. 

From Eqs.(4.1)-(4.2) it is clear that the output and circulating intensities of the CRR 

depend on the coupler coefficients of the two directional couplers. The optimum design 

of the coupler coefficients will be given in following subsection. 
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Figure 4.2 
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Spectral response function for (a) / 1b (b) Isa as function of the optical 

phase 8sl1r.. Coupler losses, n=ri=0.5%; Transmission factors, Ps=pp=0.995. Lengths of 

rings: Lp=4 m and Ls=3 m. 
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4.2.2 Resonance Condition 

The resonator conditions can be obtained by setting the output field Esa in Eq. 

(C.9) or intensity in Eq.(4.1) to zero. The phase resonance conditions are expressed as 

(4.6) 

(4.7) 

where m and n are positive integers. The additional phase of 7t in Eq.(4.7) is introduced 

into the optical wave because it crosses the couplers twice in a round trip in the second 

ring. Results identical to Eqs.(4.6)-(4.7) may be obtained by using the fact that the optical 

wave is in phase with the original wave after circulating one complete turn. 

By solving the equation 

(4.8) 

the amplitude resonance condition can be written as 

with 

(4.10) 

where the subscript r in Eq.( 4.9) denotes resonance. 

From Eq.(4.9) it can be seen that there are two optimum values ki~ and kf, for ki, 

referred to as A-resonance and B-resonance, respectively. The dependence of the 

optimum values of ki~8 on k1 with different transmission factors is plotted in Fig.4.3 

with Eq.( 4.9). Figure 4.3 shows that ki~ < kf, for the same value of k1 and losses, and 

k/;.8 change noticeably with k1, and k1;.8 is strongly dependent on the transmission 

factors. 
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In the next section, we shall present computed results under A-resonance and B­

resonance, and discuss the various characteristics of the resonator and the influences of 

different parameters on them. 

4.2.3 Computed Results and Discussion 

Figure 4.4(a) and 4.4(b) are three-dimension plots of the circulating intensity as a 

function of k1 and the phase change of the secondary ring under A- and B-resonances. It 

can be seen that under both resonances the circulating intensity decreases as k1 increases, 

but A-resonance has a higher circulating intensity than B-resonance, and also the 

circulating intensity changes with k1 slightly more slowly in case A- than in case B-

resonance. 

4.2.3.1 Away from Optimum Value and effects of loss 

In Fig. 4.4, the optimum values k/;.8 have been used for all values of k1 • When 

the amplitude resonance condition is not satisfied, the output characteristics will 

deteriorate. Figures 4.S(a) and 4.5(b) show the output intensities around resonance for 

three values of k1 for A- and B-resonance, respectively. It can be seen that for A­

resonance, at an under coupling state (i.e. k2 < k;,. ), the curve becomes broader, i.e., the 

full frequency width at half maximum (FWHM) of the resonant peak increases, while at 

an overcoupling state (i.e. k2 > ki~), the curve dips more sharply. However, for B­

resonance, the opposite effects happen. Similar properties for the circulating intensities 

are shown in Figs. 4.5(c) and 4.5(d). It is clear from Figs. 4.5(a)-(d) that under optimum 

conditions, the circulating intensity reaches a maximum and the output a minimum. 
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(a) 

(b) 

Figure 4.4 Circulating intensity t,. as a function of k
1 

and the optical phase a; with 

optimum k2. Other parameters are n =n=O, Ps=pp=0.995. 
(a) A-resonance (b) 8-resonance 
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On the other hand, when the losses in the resonator change, the characteristics 

will be seriously affected. This can be verified from Figs. 4.6(a)-(d). The circulating 

intensities as functions of the optical phase for various values of transmission factors in 

A- and 8-resonance are plotted in Figs. 4.6(a) and 4.6(b), and the output intensity 

characteristics in both cases in 4.6(c) and 4.6(d), respectively. For both A- and 8-

resonance, the transmission factor reduces the height of the circulating intensities, and the 

sharpness of the intensity curves, and consequently reduces the finesse of the resonator 

also. However, under the same conditions, the characteristics of 8-resonance are 

degraded more by the transmission factor than those of A-resonance. The coupling loss 

has the similar effect on the characteristics of A- and 8- resonance, since on a round trip 

in both rings, there are twice the amount of splice losses and twice the amount of 

coupling losses. 

4.2.3.2 Mode Suppression 

Besides the optimum amplitude resonance condition, the phase resonance 

condition is the other important resonance condition. When the phase resonance 

conditions in Eqs. (4.6)-(4.7) are satisfied simultaneously, there is a high circulating 

intensity and the FSR of the CRR can be enhanced, when compared with the FSR of each 

of the two rings, which is defined as the separation between two neighbouring resonant 

peaks, expressed as 

i =s,p (4.11) 

where c is the velocity of light in vacuum; nc is the effective index of the fiber, and Li is 

the ring length. According to Eqs.(4.6)-(4.7), when both rings are resonating 

simultaneously, the ratio of the lengths (Rol) ofringp and rings is: 
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Rol = LP : L. = (2m): (2n + 1) (4.12) 

Note that 2m is an even number and 2n+l is odd. Then, the (2m)th main peak of ringp 

will coincide with the (2n+ l)th main peak of ring s. Consequently, the resultant FSR of 

the DCDR resonator is 2m times that of ringp and 2n+l times that of rings, written as 

FSR = (2m) • FSRP = (2n + 1) • FSRs 

This is the vernier effect that increases the FSR of the DCDR. 

(4.13) 

When the compound ring resonator is used as a filter, the lengths of the two rings are 

normally chosen to be slightly different, such as Rol = N: (N -1), in order to make 

good use of the vernier effect; N is an even integer, and is defined as the resonant 

number. The resultant FSR is increased by many times for each of the two rings. The 

bigger is the value of N, the bigger is the FSR, and the closer is Rol to 1. Such a situation 

is referred as the case Rol ➔ 1 . On the other hand, when the compound ring resonator is 

used as a laser resonator, the lengths of the two rings are normally chosen to be widely 

different, such as Rol = N : 1. This is because the length of the primary ring usually has 

to be tens of meters long, due to the inevitable inclusion of the active fiber and a number 

of cavity components. The FSR of the compound ring resonator is determined by the FSR 

of the small ring s, which could be made as small as possible to increase the FSR. Such a 

situation is referred as the case Rol » 1. 

Figure 4. 7 shows the circulating intensity as a function of the phase change of the 

rings. RoL is 12: 11, the coupler coefficient k1 is 0.5, and k2 is fixed at ki: for A­

resonance. As can be seen in the figure, the resultant FSR of the CRR resonator is 

enhanced by 11 times those of the rings. 
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Figure 4.7 Mode suppression by the vernier effect. k1=0. 7, k1 = ki~, YI =ri=0.5%, 

Ps=pp=l, and lp:ls=l2:l l. 

4.2.3.3 Reduction Factor 

One of the important performance parameters of a vernier filter is the reduction 

factor. It is defined as the ratio of the height of the largest side peak to that of the main 

peak in the circulating intensity. A good compound ring resonator should have a small 

reduction factor, which is dependent on the coupler coefficient and the resonant number. 

A) Influence of coupler coefficient k, 

Figures 4.8(a) and 4.8(b) display the reduction factor as a function of coupler 

coefficient k1 for various values of coupler losses under A- and B-resonance, 

respectively. We have chosen Rol to be 4:3 (i.e., case Rol ➔ 1, and N = 4 ), and the 
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Figure 4.8 The reduction factor as a function of coupler coefficient for various values 
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transmission factors of the two couplers are 0.995 for A- and B- resonance. As the 

coupler loss decreases, the reduction factor decreases. For both types of resonance, the 

reduction factor has a small minimum range, and with decreasing coupler loss, the 

minimum range becomes wider and flatter. 

By comparing the A-resonance with the B-resonance, the following phenomena can be 

seen: 

a. Under the same conditions (i.e., coupler loss, transmission factor and resonant 

number), the minimum reduction factor under A-resonance is smaller than under B-

resonance. 

b. The usable range of k1 is wider under A-resonance than under B-resonance. The k1 

for the lowest reduction factor is around 0. 7 and 0.4 for A- and B-resonance, 

respectively. 

c. Under A-resonance, when k1 < 0.04, the reduction factor will be more than I, i.e., no 

vernier effects. Under B-resonance, when k1 > 0.87, there is no vernier operation. 

Similar curves for the case Rol » 1 could be obtained for both types of resonance. 

BJ Influence of the resonant number 

As we have seen, when the resonant number N increases, the vernier operation 

becomes more effective; however, it degrades the reduction factor. Figures 4.9(a)-(b) and 

4.lO(a)-(b) show the reduction factor as a function of the resonant number in the 

caseRoL ➔ I and Rol » l, respectively. The curves (a) and (b) respectively correspond 

to A- resonance and B-resonance. Inspection of Figs.4.9-4.10 shows the following 

characteristics: 
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a. As the resonant number and coupler loss increase, the reduction factor increases in 

both types of resonance; however, it degrades faster in the 8-resonance than in the A­

resonance, for both cases of RoL. 

b. Under the same conditions (i.e., losses and resonant number), the A-resonance has a 

reduction factor smaller than that of the B-resonance. Thus the allowable maximum 

resonant number is smaller in the 8-resonance than in the A-resonance for both cases 

of Rol. 

c. Comparison between two cases Rol » I and Rol ➔ I tells us that for the same 

resonant number, the reduction factor is much smaller in case Rol » I than in 

Rol ➔ I . Thus the allowable maximum resonant number is much greater in case 

RoL » I than in Rol ➔ I . 

4.3 Compound Ring Resonator with an External Reflector 

In the last section, we have discussed the basic two-coupler compound ring 

resonator. As mentioned in chapter 3, when an external reflector is added to a single ring 

resonator, the resonator becomes a non-reciprocal resonator, which has a loss difference 

between the cw and ccw directions, if used as a fiber laser. Similarly, such principle may 

be applied to the CRR. 

4.3.1 Principle of Operation 

Figure 4.11 shows the configuration of the compound ring resonator with an 

external reflector (CRRER). It consists of a double-coupler double-ring resonator and a 

reflector. The reflector R is joined to one of the two free ends of the two couplers. The 

double couplers have intensity coupling coefficient k1 and k1, and the double rings have 
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Figure 4.11 Configuration of the CRRER 

cavity length IP = l 1 + l 3 and Is = 11 + 11. Since this resonator is used to build fiber lasers, 

we modify the configuration as in Fig.4.12, by inserting a piece of gain medium EDF, in 

order to see clearly how the non-reciprocal loss is formed. 

~ 

6 k 1 
2 

Figure 4.12 Configuration of the CRRER for lasers 
EDF: erbium-doped fiber; R: reflector 

Just as does the reflector in the FRRER described in chapter 3, the reflector plays 

the same role in the CRRER by introducing non-reciprocal loss for the cw and ccw 

directions. Below lasing threshold, let us consider that the same amounts of ASE power 

Im start from point A and B, and travel along the ring resonator at the right side of the 
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dashed line. When the light propagates from point B along the ccw direction, it will 

return part of the light in the same direction at point A, and another part of the light will 

come out as output, where the reflector has no effect. However, when the light propagates 

from point A along the cw direction, besides the above two parts of the light, part of the 

light will feedback to the ccw direction to point A due to the reflector. Therefore, the 

non-reciprocal loss between the two directions is introduced, which may result in 

unidirectional oscillation favoring the ccw direction without the use of optical isolator. In 

the next section. we will calculate the loss difference in term of the coupling coefficients. 

4.3.2 Directionality Analysis 

The loss difference has been defined in Eq.(3.1) in chapter 3, as 

RI 
LD = l O log(-·4 ) 

RIB 
(4.14) 

where Rf.-l and Rls are the returned intensities at points A and B, considering the lights are 

launched from B and A along the ccw and cw directions, respectively. According to 

Fig.4.12, they are given by: 

RI [ CW [<"CW 
.4 = lo + lo (4.15) 

where the superscripts cw and ccw in Eq.(4.15) denote the direction, from which the 

input light is launched, and subscript a denotes the light away from the coupler. 

The intensities in Eq.( 4.15) can be obtained by analyzing the resonator at the right 

side of the dashed line in Fig. 4.12. Considering the light is input from the ccw direction, 

the double-coupler ring resonator with an external reflector (DCRRER) will be analyzed, 

which is given in Appendix D2. From Eqs.(D.20) and (D.22), then we have 1;: and 1;; 

at phase resonance, expressed as: 
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r"' = R[bl -b2(l-r1)Psr 
la (l-b1h2Psr' 

(4.16) 

(4.17) 

On the other hand, for the input light from the ccw direction, double-coupler ring 

resonator (DCRR) without the reflector ·will be analyzed. The DCRR is the special case 

of the DCRRER when the reflectivity is set to be zero. Then we have the following 

relations: 

It;;"= 1;;(k1 <=) k2 ) 

1;;"' = I~ (kl <=) k2) 

where the symbol~ denotes the switch from k1 to k2 and vice versa. 

From Eqs. ( 4.16)-( 4.18), therefore, the loss difference can be written as: 

( 4.18) 

( 4.19) 

Figure 4.13 shows the loss difference as a function of k2 for different values of k1. 

It can be seen that a big LD can be obtained if k1 and k2 are chosen to be very different, 

i.e., either big k1 and small k2, or small k1 and big k2, which are referred to as kt - k; and 

kt - k~ in the following, respectively. The superscripts b and s denote big and small. 

These could be better explained with the help of the optimum amplitude in Eq.(D.25), 

which shows that the k1 and k2 are very close. Equations (D.20)-(0.25) tell us that at 

optimum condition, the feedback intensity It;"' is going to be zero, and 1;: becomes 

maximum, which leads to minimum LD of zero. This can be seen from the intersecting 

point on x-axis in Fig. 4.13. When k1 and k2 are very different, I;;"' and 1;: will become 

maximum and minimum, which will lead to large values of LD. 
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4.3.3 Insertion Loss 

In the last section, we have discussed the LD of the CRRER When the CRRER is 

used in lasers as shown in Fig.4.12, the DCRRER, as well as DCRR may be considered 

as an effective coupler. For DCRRER, consider light leaving point A in the cw direction. 

Part of the light returns to point B (/68); this is defined as the effective reflection Reff . 

Another part of the light leaves port 8 as output Isa; this is defined as the effective 

transmission T:ff . The insertion loss is defined as 1- T:ff - Reff . In this section, we should 

investigate the insertion losses of the DCRRER and DCRR, as well as the effective 

transmissions and reflections. 

14~-----------------, 

12 
~ 

~ 10 

~ 
~ 
~ § 
Q 
~ 

-S 

8 

6 

4 

2 

•• .. C ·•. 

.... ..... .... ..... .... .... 

0 -1--:::-··...:..:.·· ~-----==::=:;:::_-.=..;:~....;:;::.::=:....---....::::::::...:....J 

0.0 0.2 0.4 0.6 0.8 l. 

Figure 4.13 Loss difference as a function of k2 for various values of k1. 
a: k1 =0.95;b: k1 =0.9;c: k1 =0.7;d: k1 =0.5;e: k1 =0.3;f: k1 =0.1. 

Other parameters are p s = 0.99, y1 = r 2 = 0.01, and R = 0.99. 

Figure 4.14(a) and (b) illustrate the output intensities at different ports against k2 for 

two fixed values of k1. Referring to Fig.4.12, l1a,, I6a,, and Isa are the output intensities of 

DCRRER, which correspond to the effective feedback, reflection, and transmission, 
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respectively. For DCRR, consider light leaving point B in the ccw direction. Part of the 

light returns to point A (/1a. equivalent to ha in DCRRER with switching k1 and k2), and 

the other part leaves as output (/sa. equivalent to 16a in DCRRER). So ha and 16a in Fig. 

4.12, correspond to the effective transmission and reflection of DCRR. In addition, the 

dark area in Fig.4.14 shows the range of LD, which is more than 3 dB. When k1 is equal 

to 0.1, LD is more than 3 dB if k2 is chosen to be greater than 0.8; when k1 is equal to 0.9, 

LD is more than 3 dB if k2 is chosen to be less than 0.42. 

Figure 4.15 (a) and (b) display the insertion losses of the DCRRER and the 

DCRR against k2 for different values of k1. Inspection of Fig.4.15 shows the following 

characteristics: 

l. The insertion losses of the DCRRER and DCRR have similar behaviours. When k1 

increases, the insertion losses increase. For the same parameters, the insertion loss of 

the DCRRER is slightly larger than that of the DCRR. 

2. For both cases, with increasing k2, the insertion losses increase. For small values of 

k2, the insertion losses increase slowly, while for large values of k2. the insertion 

losses increase rapidly. 

As discussed earlier, the two groups of k1 - k2 are preferred for a big LD, which are 

k: -k{ and k( -kf. From Fig. 4.15, one can see that the set of k: -k{ has a low 

insertion loss, compared with the set of kt - kf . In the above plots, the transmission 

factor Ps has been fixed at 0.99. We shall investigate now how the transmission factor 

affects the insertion loss for the two sets of k1 -k2. i.e., k: -k{ and k( -k:. Figures 4.16 

and Fig. 4.17 show the insertion losses as functions of k2 with transmission factor as a 

parameter, and k1 is fixed at 0.1 in Fig.4.16 and 0.9 in Fig.4.17, corresponding to the sets 

of k( - k: and k: - k{. respectively. It is clear from Figs. 4.16 and 4.17 that, the lower 
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the transmission factor, the bigger the insertion loss for both groups, and the set of 

kt - k; has much bigger insertion loss than the set of kt - k{ . Therefore, it is concluded 

that a high LD with a low insertion loss could be obtained by selecting a big k1 and a 

small k2. 

4.3.4 Resonator Analysis 

Since the CRRER is a non-reciprocal resonator, the situation here is similar to that 

described in chapter 3 for the FRRER. Referring to Fig. 4.11, two resonators, in which 

lights are launched into port 3 (ignore the reflector), and into port 8 should be considered. 

The former case corresponds to the CRR, which has been examined in detail in section 

4.2, and the latter could be studied by using an unfolded equivalent model. As mentioned 

in chapter 3, considering the CRRER for lasers, both of the cases describe the state before 

the lasing threshold. Because of the loss difference in the ccw and cw directions, 

eventually, the lasers will oscillate in the ccw direction, for which the latter case could be 

applied. In this section, we will discuss the characteristics of the CRRER. 

Figure 4.18 shows the unfolded equivalent model of the CRRER in Fig.4.11. The 

effect of the reflector could be replaced by a mirror resonator of the CRRER, where light 

at port 3 on the left side will be re-injected into port 3 at the right side as an input of the 

mirror resonator. Therefore, the output intensity and the circulating intensity of the 

CRRER in Fig.4.11 could be obtained, based on the relations of the intensities in the 

CRR as follows. 

[~a = R • lsaCk1 <=> k2) • Isa 

1;a = R • Isa (k1 <=> k2) - I.a 

where R is the reflectivity of the external reflector. 

(4.20) 

(4.21) 
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Obviously, from Eq.(4.21) the CRRER has the same optimum conditions as the 

CRR, which are given earlier in section 4.2. We note that Eqs.( 4.20)-( 4.21) are analogous 

to Eqs.(3 .15)-(3 .16), then it is expected that the output intensity and the circulating 

intensity have the same behaviours as that for FRRER in section 3.3.2. Since we are 

I, I, 

6 k. 1 
z I 

interested in the circulating intensity. in the following, we will examine the behaviours of 

the circulating intensity and the mode suppression. 

Figure 4.18 Unfolded equivalent model of the configuration in Fig.4.11. 
The right side of the dashed line is a mirror image of the left side. 

Figure 4.19 shows the circulating intensity as a function of the optical phase for 

various values of the coupling coefficient k2. From Fig.4.19, it can be seen that when k2 

changes, the shape of the curve changes from quasi-channel-blocking type to channel­

passing type. At the optimum values of k2, the shapes of the curves are quasi-channel­

blocking type with a dip at zero intensity, and with decreasing k2, the dip depth decreases. 

When k2 = 0.635, the curve becomes channel-passing type with a flat top. With further 

decrease in k2, corresponding to the case of k: -k;, it becomes the regular channel-
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passing type, which is desirable for the CRRER as a laser resonator. We recall that the 

total circulating intensity of the CRRER is the summation of 1;
0 

and / 10 • The curves of 

the circulating intensities of the CRRER and CRR are shown in Fig. 4.20, from which it 

is obvious that the circulating intensity of the CRRER is nearly twice that of the CRR. 

As to the mode suppression, it is expected that the CRRER has the same 

behaviour as the CRR because of the same phase resonance conditions. We recall that in 

section 4.2, the mode suppression as well as the reduction factor of the CRR are 

investigated, based on the optimum values of the coupling coefficients. However, as 

mentioned above, for applications in lasers, kt - k{ is the preferred choice for the 

CRRER with a high LD, thus, we shall explore the mode suppression when the coupling 

coefficients are chosen to be different from the optimum values. 

Figure 4.21 demonstrates the mode suppression by use of the vernier effect in the 

CRRER. The ratio of the two cavity lengths is 6: l, and the coupling coefficients are 

chosen to be kt -k{ (k1=0.9and k2=0.2). From Fig.4.21, it can be seen that the FSR of 

the CRRER is determined by the FSR of the small ring, in other words, it is increased by 

6 times that of the primary ring. The main peaks occur when the two rings resonate 

simultaneously, while the side peaks occur when only the primary ring resonates. It is 

noted that when increasing the ratio of the cavity lengths, the reduction factor (i.e., the 

ratio of the side peak to the main peak) will increase, which has been discussed earlier in 

section 4.2. 

It is well known that for implementation of the CRRER in lasers, it is unavoidable 

to have a long main cavity length, due to the components. Therefore, by building a small 
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sub-ring resonator, it will enhance the FSR of the CRER, and consequently, improve the 

mode suppressions. This is a very useful property for applications in doped fiber lasers. 

4.4 Summary 

In this chapter, we have presented a theoretical analysis of the compound ring 

resonator (CRR), following by the CRR with an external reflector (CRRER). 

The CRR is a double-coupler double-ring resonator. The analysis indicates that 

corresponding to one set of phase resonance condition, there are two sets of amplitude 

resonance conditions, i.e., A-resonance and B-resonance. For both types of resonance, a 
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small coupler coefficient k1 is advantageous in terms of the circulating intensity, while a 

minimum value for the reduction factor can be obtained by suitably choosing the coupler 

coefficient k1• It is found that under A-resonance, the circulating intensity is higher and 

the reduction factor is smaller than B-resonance. The resultant FSR of a DCDR resonator 

can be significantly enhanced by the vernier effect. The length of the two rings Rol may 

be chosen to be close to unity, Rol ➔ 1 or widely different. RoL » 1, for different 

applications. It appears that the case RoL » 1 has a reduction factor smaller than the case 

RoL ➔ 1 . In both cases, a small resonant number is advantageous in terms of the 

reduction factor. These results may be useful when the compound resonator is used to 

construct narrow-bandwidth filters and single-frequency doped fiber lasers. 

Based on the CRR. we designed the CRRER, which was mainly used for 

travelling-wave doped fiber lasers without using optical isolators, and which also has the 

advantages of the CRR. The computed results show that the loss difference depends 

greatly on the coupling coefficients, and a higher loss difference could be obtained by 

choosing the coupling coefficients either kt - k; or k( - k~ ; however, the set of 

kt - k; is the better choice because of the lower insertion loss. Considering the case of 

kt - k; , it is found that the circulating intensity in the CRRER is about twice of that in 

the CRR, and the mode suppression could be achieved by choosing the proper ratio of the 

cavity lengths of the two rings. Such a resonator is particularly advantageous in 

applications in doped fiber lasers. 
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Chapter 5 

Erbium-Doped Fiber Ring Laser: 

Experimental and Results 

In the previous two chapters, we investigated the resonance characteristics of the FRR 

and CRR, as well as these resonators with external reflectors, i.e., FRRER and CRRER. 

We also analyzed the directional properties of the FRRER and the CRRER. In this 

chapter, we will present the single-wavelength travelling-wave erbium-doped fiber lasers 

(EDFLs), whose structures are based on the FRRER and CRRER. In addition to the 

single-wavelength EDFLs, a dual-wavelength EDFL has been developed, by modifying 

the EDFL with FRRER. Multiple-wavelength EDFLs are interesting because of their 

applications in fiber-optic WDM systems. In the following sections, we will first look at 

the related basic components in our EDFLs, and then give the experimental results of 

these lasers. 

5.1 Related Fiber Laser Components 

As mentioned in chapter 2, a fiber laser has a gain medium and various related 

devices. In our lasers, these devices include couplers, WDM, fiber Bragg grating, 

polarization controller and pump source. In the following sections, we shall discuss the 

basic principles of these components and their specifications. 
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5.1.1 Coupler and WDM 

The single-mode directional coupler is a very important device in fiber lasers and 

fiber amplifiers. An ideal directional coupler is shown in Fig. 5 .1. Light launched into 

port 1 is guided along the waveguides. In the coupling region, two waveguides are 

sufficiently close to produce an overlap of their transverse fields. Based on the coupled 

mode theory, the power transfer follows the cosine square and sine square forms: 

P.(L) = P.(O)cos 2 (.rcL) 

P2(L) = P.(O)sin 2 (.rcL) 
(5.1) 

where P1(z=O) is the launched power, z is the length coordinate, L is the length of the 

coupling region, and K is the coupling coefficient that depends on the wavelength and 

other physical parameters. 

Port2 
Z=O Z=L 

,---------.."--· --✓-----------. ,: y 
Port2' 

Port 1 ....---------...,~ :~---------
'---------~, I Port 1' 

I I 

Coupling I 
region 

Figure 5.1 Basic structure of fiber coupler 

Thus, the power transferred between the waveguides varies from zero to unity. By 

proper design the coupler provides two output beams with a predetermined power 

distribution. The wavelength dependence of K is an important feature, by which the 

coupler can be made to deliver almost all the power at one wavelength at one output and 

almost all the power at another wavelength to the other output. Such devices are referred 

to as wavelength division demultipexers/multipexers (WDM). 
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Directional couplers could be made by polishing [I] single-mode fibers to achieve 

close proximity of the fiber cores. The polished-type fiber coupler is made by burying an 

optical fiber in a curved groove in a glass block and then polishing the block to remove a 

semicircular portion of the cladding. Two such blocks are then placed together so that the 

polished areas are in contact, with a little index-matching fluid over the contacting area. 

The drawback of the polishing method is the lengthy process and instability due to the 

structure. Fused tapering is another popular method to make fiber coupler, which is easy, 

and fast to fabricate and package. To fabricate the fused-taper-type fiber coupler [2], the 

resin coating of two fibers is removed along a short section of a few centimeters. The 

fibers are then twisted together, heated and drawn while the throughput and the coupled 

powers are monitored. Figure 5.2 shows the relationship between the coupling ratio and 

the drawn length for a fused tapered coupler [3]. The solid and dashed lines indicate the 

coupling ratios at wavelengths of 1.31 and 1.54 µ m, respectively. It is clear that a 

l.3 l/1.54 µ m WDM coupler can be obtained when the drawing process is stopped at a 

drawn length of 4.5mm. 
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Figure S.2 Relationship between coupling ratio and drawn length 
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FigureS.3 Workstation of single mode coupler machine 
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All the couplers in our lasers are homemade by a fused SM fiber coupler 

workstation in our lab, whose picture is shown in Fig.5.3. The fabrication technique and a 

detailed fabrication method by using the machine may be found in Ref.4. The insertion 

losses of the couplers made are usually less than 0.1 dB at any desired coupling ratio. The 

WDM used is from E-TEK. Table 5.1 shows the details ofWDM1 and WDM2 coupler. 

Table 5.1 Specifications ofWDM coupler 

Wavelength I.L. (dB) Isolation (dB) P.D.L. (dB) 

980nm 0.11 >20 < 0.1 

1550 nm 0.19 >20 < 0.1 

Wavelength LL. (dB) Isolation (dB) P.D.L. (dB) 

980nm 0.06 >20 NIA 

1550 nm 0.07 >20 NIA 

Note: LL - Insertion Loss; P.D.L - Polarization Dependent Loss 

5.1.2 Fiber Bragg Grating 

Fiber Bragg grating (FBG), just as its name implies, is a fiber device 

incorporating a grating structure in a fiber. It is a unique device for use as wavelength­

selective reflection mirrors, optical notch filters, and optical taps. Figure 5.4 shows the 

model of the Bragg reflector. There are coupled modes travelling in opposite directions in 

the same waveguide. According to the coupled-mode theory, the reflectivity of a lossless 

FBG can be expressed as 

(5.2) 

where K 8 is the strength coupling coefficient and Lis the length of the FBG. The central 

wavelength, i.e., where strong reflection occurs is determined by 
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l =2·n ·A B ~ff (5.3) 

A 

Z-0 Z•L 

FigureS.4 Model of the Bragg reflector 

where n,6 is the effective refractive index and A is the period of the structure. 

Obviously, the bandwidth of the FBG is dependent on the K 8 L. 

Writing a Bragg grating in a fiber, actually a photosensitive fiber, can be done 

with UV light [5]. It has a great advantage because of its low insertion loss, ease of 

fabrication, and high reflectivity at the Bragg wavelength. 

The major method for fabricating a FBG is the side writing technique (6], in 

which the fiber is exposed to a UV interference pattern from the side. The interference 

pattern causes the refractive index to change because of the photosensitive effect, which 

results in a Bragg structure in a fiber. Such a technique enables us to fabricate a FBG 

with any designed Bragg resonance wavelength. Figure 5.5 shows a typical side writing 

fabrication method with a phase mask. The UV-induced refractive index change could be 

as big as 10-2
• 
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(a} 
Beam splitter 

(b} UV light 

Mirror Mirror Prism 

(c} (d} 

Fiber ., 
Fiber 

Figure 5.5 Fabrication method of UV-written grating 

There are three fiber Bragg gratings (FBG1
, FBG2

, and FBG3) used in our laser 

systems. Table 5.2 lists the specifications of the three gratings. Their transmission spectra 

are shown in Fig.5.6. 

Table 5.2 Specifications of the gratings 

Central wavelength reflectivity 3-dB bandwidth 

FBG1 1549.05 nm 99.9% 0.1 nm 

FBG~ 1550.4 nm 99.94% 0.1 nm 

FBG., 1555.28 nm 99.4% 32pm 
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5.1.2 Polarization Controller 

It is well known that in a fiber ring resonator, the resonant frequency and 

amplitude are strongly dependent on the state of polarization (SOP) of the light 

circulating inside the cavity. So it is important to have a polarization controller (PC) to 

adjust the SOP of the light in the fiber cavity. In classical optics, PC is formed by a 

combination of rotatable birefringent phase retardation plates, usually quarter-wave plates 

(QWP) or half-wave plates (HWP). These work by changing the relative phase of the 

components of the electric field of the light that lie in the direction of their fast and slow 

axes respectively. 

In all-fiber systems, phase retardation plates could be made with the fiber itself. 

This is because birefringence is induced whenever a fiber is subjected to some type of 

stress. A lateral stress. either by bending or squeezing the fiber, will induce a linear 

birefringence [7]. Twisting the fiber on the other hand will cause circular birefringence. 

Thus, it is by deliberately bending the fiber a controlled amount that one can create the 

desired fractional wave plates. 

For a fiber loop of radius R with an outer cladding radius r as shown in Fig.5.7, 

the linear polarization state in the plane of the loop encounters a higher index than that 

perpendicular to this plane by an amount /ln , given by 

(5.4) 

The total phase change of the loop could be integrated along the fiber loop, then we have 

A. lllnl · 21CNR = -
m 

Where N is the number of turns of the loop and m is the fractional number. 

(5.5) 
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From Eq. (5.5), one can see that any desired J. / m fractional wave plates could be 

achieved by properly selecting the number of turns N of the loop and the radius R. 

In addition, rotation of the plane of the loop will directly rotate the orientations of 

the principal axes of the fiber, which gives the analogous behavior of a classical 

fractional wave. 

Figure 5.8 illustrates the configuration of the standard PC, formed by three coils 

(QWP) in laser system. The fiber is wrapped around aluminum disks machined to a 

correct radius to create a QWP. These disks are clamped in a cradle that allows them to 

be rotated by approximately ± 80 degree. In general, only two QWP's are necessary to 

transform any input polarization to any desired output polarization. However, if either of 

the fractional waveplates do not induce phase retardation exactly, then the two-QWP PC 

will be unable to produce all possible output polarizations, which is undesirable. On the 

other hand, in case of three-QWP PC, any of the three waveplates may be considered to 

be redundant. This redundant one can compensate for any problem related to one specific 

QWP, for instance, circular birefringence introduced by rotating the waveplates. 

Figure 5. 7 Birefringent fractional wave loops 
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Figure S.8 Construction of the all-fiber polarization controller 

5.1.3 Gain Medium, Pump Source and Splicing 

An optical fiber laser uses light at one wavelength as energy pump source to 

create light at a second wavelength with a gain medium. The most important elements for 

the fiber laser are the gain medium and the pump source. 

The gain medium absorbs the pump energy and transfers the energy from pump to 

signal laser. In our EDFLs, the gain was provided by Er3+ :AVGe/P doped silica based 

fiber, which came from the National Institute of Optics. Table 5.3 lists the specification 

of the EDF. 
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Table 5.3 Specifications of EDF 

Concentration Er:3100 ppm 

Absorption •nsunm<m.1 JJSC1.tl/m 
1535nmia2l 7.0dB/m 

Core diameter 3.5µm 

Mode field diameter 6.Iµm 

Confinement factor 0.5 

I Cutoff wavelength 875±50nm 

A pump source supplies energy to the rare-earth-doped fiber. The required pump 

wavelengths depend on the rare-earth ion. For erbium-doped fiber, as mentioned earlier, 

980 nm and 1480 run are the two main pump wavelengths. So far the most commonly 

used pump sources for EDF are semiconductor lasers, i.e., laser diode (LO), such as 980 

nm InGaAs-GaAs and 1480 run InGaAsP-InP laser diodes. This is because they are 

compact, powerful, and moreover, fiber-pigtail LOs are fiber compatible. The drawback 

of a LO is wavelength instability, caused by reflection, thus degrading the laser 

performance. In particular, low reflectivity front-facet coating increases their sensitivity 

to outside reflection. One popular way to solve this problem is LDs with a wavelength­

selective external cavity structure to stabilize the lasing wavelength, as shown in Fig. 5.9. 

LO module with fiber grating 

Laser diode 

- - 1 

Q .... , __ ..... n_nn~1m .... n __ 1 _.. 

-\- -\-1 
Coupling optics Fiber grating 

Figure 5.9 Schematic configuration of a wavelength-stabilized LD with a fiber grating 
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The 980 nm laser module used is from SDL Optics Inc. The pigtailed LD with 

TEC (thermal-electrical controlled) mode is stabilized by a fiber grating driven by a 

LDC-3722 laser diode controller from ILX Lightwave. The center wavelength of the LD 

is at 975.37 nm. Figure 5.10 shows the optical spectrum of the LD. The maximum 

driving current is 250 mA, at which about 100 mW output power could be provided. The 

relationship between the output power and the LO current is shown in Fig. 5.11, which 

appears linear. 
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Figure 5.10 Optical spectrum of980 nm laser module 

A splice machine is one of the most important pieces of equipment for fiber­

related devices. We use an automated fusion splicing set NT7L30AC (from Siecor) to 

splice the standard SMF-28 fibers, and SMF-28 fiber with erbium-doped fiber. Standard 

fibers spliced together have an average of estimated loss of less than 0.09 dB. A bigger 

loss is expected when a standard fiber is spliced with an erbium-doped fiber because of 
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the small mode field diameter of EDF. However, it is found that the loss may be reduced 

by increasing the duration of the arc. The longer arc time allows significant diffusion of 

the highly doped core, which rapidly reduces the effective index and increases the core 

diameter. By using this method, it is estimated that the average splicing loss in the laser 

systems could be reduced to less than 0.2 dB. 
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Figure 5.11 Output power as a function of driven current 

5.2 Single-wavelength Erbium-doped Fiber Laser 

In previous chapters, two fiber resonators (FRRER and CRRER) were proposed 

and analyzed. The theoretical results show that by using such resonators in fiber lasers, 

unidirectional fiber laser oscillation may be produced, without using optical isolators. In 

this section, we shall implement the two resonators in constructing fiber lasers. 
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5.2.1 Single-Ring EDFL with an external Grating 

Since the first invention and demonstration of FBG in1989, it has become a very 

important and unique element in various filters, fiber amplifiers, fiber lasers, WDM 

systems, etc. FBG is a reflection-type filter with a narrow bandwidth, so it is widely used 

as a cavity mirror in FP-cavity fiber lasers. In addition, a travelling-wave cavity design 

with Sagnac-type loop configuration is designed to allow the use of FBG in travelling­

wave fiber lasers. In this section, we introduce a new configuration which allows FBG to 

be used in a ring cavity design, i.e., single-ring EDFL with an external grating. 

5.2.1.1 Experimental Configuration 

A schematic diagram of the fiber laser is shown in Fig.5.12. Pump radiation from 

a 980 run pigtail laser diode is coupled into the ring cavity via a polarization-insensitive 

WDM. Optical gain is provided by a 3.7-m long piece of erbium-doped Al/Ge/P fiber. An 

FBG is spliced to one of the free ends of the output coupler. With the help of an external 

grating, part of the amplified spontaneous emission (ASE) from the cw direction is 

injected back to the ccw direction, while the ASE in the ccw direction has no effect on 

the cw direction. Therefore, some non-reciprocal losses between the two directions are 

introduced into the ring cavity, which ensure unidirectional oscillation in the ccw 

direction without the need of optical isolators. 

The difference in the steady-state photon-flux density <I>(r) between the ccw and 

cw directions is given by [8]: 

(5.6) 
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whereaccwandacware the loss coefficients for the ccw and cw directions, N0 is the steady­

state population difference between the metastable level and the ground level in the 

absence of amplification, and 'sp is the spontaneous lifetime. So unidirectional operation 

can be enhanced by increasing the loss difference between the two directions. 

oc 

Figure 5.12 A nonreciprocal single-ring laser configuration 

OC: output coupler; C: monitor coupler; PC: polarization controller; 
FBG: fiber Bragg grating; WDM: wavelength division multiplexer. 

As shown in Fig.3.4, the loss difference increases with increase of the coupler 

coefficient; however, the lasing threshold will also be increased. A coupler with 10% 

coupling coefficient \Vas used. In this configuration, one may notice the fiber ring in Fig. 

5.12 is cross-coupled instead of direct-coupled in Fig.3.2. So the effective coupling ratio 

of the coupler should be treated as 90%, which corresponds to about l 0-dB loss 

difference according to Fig.3.4. The reason for using a coupler with 10% coupling 

efficient instead of 90% is because fused coupler with lower coupling coefficient can be 
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more easily be made with lower insertion loss than coupler with higher coupling 

coefficient. The grating FBG1 used had a peak reflectivity of 99.9% and a bandwidth of 

0.1 run centered at 1549.05 nm. It serves not only as a feedback reflector, but also as a 

mode selector, as will be seen in next section. A polarization controller was used to 

control the polarization of the propagating light. The round-trip laser cavity length in the 

ccw direction was about 13 m, corresponding lo a passi vc mo<lc spacing of 14.5 ivIHz. 

To confirm the unidirectional operation in the nonreciprocal fiber ring cavity, a 

monitor coupler with a coupling coefficient of 1.5% was incorporated into the cavity. It is 

worthy to mention that the back-reflections from the ends of the output coupler and 

monitor coupler are detrimental. Although reflections from the end of the output coupler 

could be ignored because of the small coupling ratio, they could introduce inaccuracies 

into the measurement of the powers in the ccw and cw directions. To prevent the back­

reflections, we spliced an optical isolator with 41-dB isolation to the end of the output 

coupler. While one end of the monitor coupler is connected to a detector, the other end is 

dipped into index matching liquid. 

5.2.1.2 Results and Discussions 

We first examined the power loss difference between the ccw and cw directions. 

The power meter used is an FOT-22AX from EXFO. The spectra of the outputs in the 

two directions, measured at the two ports of the monitor coupler, are shown in Fig.5.13. 

The two outputs have similar spectra. The figure shows that the output power difference 

was as high as 37 dB. This result demonstrates that with the help of FBG1
, a single-ring 

configuration without optical isolator can be as effective a unidirectional device as a ring 

cavity with optical isolators. 
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The laser output power as a function of pump power is plotted in Fig. 5.14. It 

shows that a maximum output power of 19.6 mW for 70 mW of incident pump power 

was obtained. The slope efficiency is 31 %, with a laser threshold of 10 mW. Lower 

threshold could be expected by using an OC with a larger coupling coefficient. The laser 

output spectrum measured by an HP optical spectrum analyzer (OSA) is shown in 

Fig.5 .15. This measurement was limited by the resolving power of the spectrum analyzer, 

which was 0.08 run. By appropriate adjustment of the polarization controller, the 

spectrum was very stable. The lasing wavelength was measured to be 1548.5 nm, nearly 

coinciding with peak wavelength of the FBG1
. The subtle difference of the two 

wavelengths is attributable to the temperature difference. 
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Figure 5.13 Output spectra from the two ports of the monitor coupler 
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Figure 5.14 Laser output power as a function of diode pump power 
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Figure 5.15 Optical spectrum of the laser output from HP OSA 
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To examine the spectrum of the fiber laser with high resolution, initially, a 

homemade scanning fiber ring interferometer (FSR = 48 MHz, Finesse = 21) was used. 

The structure of the interferometer and the principle of operation are given in appendix E. 

Single-mode operation was observed, but the modehops occurred nearly all the time. 

Figure 5.16 shows a scan over one FSR at one moment and only one mode was present. 

But we are not sure if the mode-hopping is attributed to the laser itself or the drift of the 

interferometer due to the change of the fiber ring length. Later, a confocal FP scanning 

interferometer (from Melles Griot) was employed to confirm the mode structure of the 

laser. The interferometer has a FSR of 300 MHz and a higher finesse of 344, resulting in 

a resolution of 872 kHz. Single mode was observed, but not robust. The mode jwnped 

randomly, and two-mode and three-mode operations were also observed frequently. 

Figure 5.16 Output spectrum of the laser from interferometer 

Let us look at the mode-selective mechanism of the laser. The grating confines 

possible modes within about 13 .3 GHz region. The ring cavity length of 13 m 

corresponds to a FSR of 14.5 MHz, so there could be nearly one thousand possible 

oscillating modes within the confined region, which implies weak discrimination of the 
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modes in the central region. Consequently, the longitudinal mode could easily jump or 

possibly multi-modes could appear. 

Obviously, this situation may be improved by increasing the FSR of the ring cavity, 

consequently, suppressing the number of the possible oscillating modes, which will be 

covered in next section. 

5.2.2 Double-Ring EDFL with an external Grating 

In this section, we propose a new double-ring resonator with an external grating, 

based on CRRER to implement the EDFL. The new configuration is used to increase the 

resultant FSR of the compound ring resonator, as shown in chapter 4, which could be 

obtained by either choosing the lengths of the two rings nearly equal or widely different. 

It is shown [9] that the case with widely different lengths of the two ring cavities is a 

preferred choice because of the insensitivity to the external disturbance. 

5.2.2.1 Experimental Configuration 

The configuration of the proposed EDFL is shown in Fig. 5 .17. A primary ring and a 

secondary ring are formed by two couplers C1 and C2. The primary ring has the required 

components, i.e., a 3.2-m erbium-doped fiber and a polarization controller. The long 

primary ring is used to provide large gain, while the secondary ring is made small to 

increase the resultant FSR. The lengths of the primary and secondary rings are about 16 

m and 2 m, giving FSR of 12.5 MHz and 0.1 GHz, respectively. The ratio of the lengths 

of the two cavities is about 8:1. Obviously, by using the second ring, the resultant FSR of 

the compound ring is substantially increased to 0.1 GHz, corresponding to 8 times the 

FSR of the single primary ring. An external fiber grating FBG is connected to the free 

end of the coupler C1. It serves as a coarse mode-selector, and more importantly, as 
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described in chapter 4, it introduces a nonreciprocal loss of the cavity between the ccw 

and cw directions. Thus, the undirectional operation would be favored in the ccw 

direction, without the use of optical isolators. The grating FBG3 used has a reflectivity of 

99.4% at wavelength ...l = 1555.3nm with a 3-dB bandwidth of 32 pm. The coupling 

coefficients of the two couplers k1 and k2 are 92:8 and 18:82, corresponding to about 7-

dB loss difference. The coupling coefficients with k: - kI (big k1 and small k2) are 

chosen, according to the analysis in chapter 4. 

The laser was pumped through a WDM1 coupler by the pigtailed 980 run laser 

diode. The polarization controller was included in the primary cavity to manipulate the 

polarization of the propagating light. A monitor coupler with 1.5% coupler ratio was 

inserted to measure the power loss difference between the two directions. The laser 

output was extracted through coupler C2, which is spliced with an optical isolator 

(isolation: 41 dB) to prevent the back-reflection. 

PC 

output 

980nm Pwnp 

Figure 5.17 The Scheme of the double-ring EDFL with an external grating 
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5.2.2.2 Results and Discussion 

The output power characteristics of the laser is illustrated in Fig. 5.18. The output 

power of 13.5 mW was obtained for an incident pump power of 59 mW. The slope 

efficiency was 27% with a lasing threshold of 9 mW. The slope efficiency and lasing 

threshold in this configuration is slightly lower than that in the single-ring EDFL in 

Fig.5.12. The former is due to additional insertion loss from the other coupler, while the 

latter is due to the large effective reflectivity of the compound ring (/68: ~ 20%, as shown 

in Fig. 4.14(b)), compared with~ 10% reflectivity in single-ring EDFL. 

The output wavelength was measured to be 1555.25 run, which coincides with the 

peak reflectivity of the grating FBG3
, as expected. Figure 5 .19 shows the optical 

spectrum trace of the fiber ring laser, measured by HP optical spectrum analyzer with a 

resolution of 0.08 run. The laser was very stable within this resolution. Figure 5.20 shows 

a scan of the lasing line at the center of the spectrum. taken over a 40 s period. From 

fig.5.20 it can be seen that there is almost no drift in wavelength and in amplitude. 
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Figure 5.18 Fiber laser output power as a function of launched power 
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Figure 5.19 Fiber laser output spectrum from OSA 

Figure 5.20 Scans of the lasing lines at center wavelength over 40 s 
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Figure 5.21 Output spectra for the ccw and cw directions 

The output spectra of the ccw direction and cw direction in the monitor coupler 

are measured and shown in Fig. 5.21. It can be seen that there is about 35 dB power 

difference between the two directions. We observed that for different pump powers, the 

output power difference remained almost constant. This experimental result demonstrates 

the uni-directionality of the double-ring EDFL with an external grating. 

Again, the confocal FP scanning interferometer was employed to examine the 

longitudinal mode structure of the fiber ring laser. The interferometer has an FSR of 300 

MHz and a finesse of 344, giving a resolution of 872 kHz, which was high enough to 

resolve the individual longitudinal mode of the fiber laser. Figure 5.22 shows the 

interferometer trace scanned over one FSR; it confirms single-frequency operation. No 

evidence of multiple longitudinal mode operation was observed, which was an 

improvement over the case of the single-ring EDFL reported in last section. This was 

because there was one mode selector in this case more than the last described in the last 

section. 
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Figure 5.22 Laser spectrum from FP interferometer 

FSR-0.lOHz 

(a) 

t: 
(b) 

Figure 5.23 Different wavelength-selective mechanisms in the ring laser 
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Figure 5.23 shows several wavelength selection mechanisms in the laser. The 

grating serves as the first coarse mode selector. It has a 3 dB bandwidth of 32 pm, which 

corresponds to approximately 4.3 GHz spectral region, so only within this region lasing 

may occur because of low loss. The next mode selector is the secondary ring cavity. At 

resonance, it produces a periodic cavity loss with 0.1 GHz spacing. Hence, about 43 

possible oscillating modes are confined by the grating, as shown in Fig. 5.23(a). Finally, 

the second ring further reduces the number of the possible oscillation mode by spacing 

about 12.5 MHz from the primary cavity mode [see Fig. 5.23(b)], which will ensure that 

only the central resonant mode with a maximum amplitude (i.e., minimum loss) fc is able 

to oscillate. Thus, the capacity of the mode-suppression is significantly enhanced. 

Although the laser operated on robust single-longitudinal mode, mode-hopping to 

neighboring modes was still observed sometimes, which is due to the external 

disturbances such as temperature, vibration inducing the change of the fiber cavity length, 

as well as the fiber grating. It is believed that a more stable operation may be obtained by 

thermally and mechanically stabilizing the laser, or further decreasing the cavity length of 

the second ring. 

5.3 Dual-wavelength Erbium-doped Fiber Laser 

In the last section, we discussed the EDFL with only one lasing wavelength. 

EDFLs producing more than one wavelength are of great interest for wavelength division 

multiplexed (WDM) communication systems, as mentioned in chapter 1. In this section, 

we start with an introduction on the review of the multi-wavelength EDFLs, followed by 

the proposed configuration and the experimental setup. The results and discussion are 

given at the end. 
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S.3.1 Introduction 

Multiple wavelength EDFLs have been demonstrated by a number of researchers 

[8-18]. Fabry-Perot and ring resonator configurations have been investigated by using 

one or more filters to define the multiple lasing wavelengths. Such filters may have 

different forms, such as fiber Bragg gratings, bandpass filters, FP etalons, and comb 

filters based on mode-beating either in a birefringent fiber or a multimode fiber. In order 

to achieve gain at several wavelengths simultaneously, various techniques have been used 

to create multi-wavelength lasers in EDF. 

It is well known that an EDF has a large homogeneous linewidth at room 

temperature, which means the gain will be clamped by the cavity loss at only one lasing 

wavelength. So one of the techniques to achieve multiple wavelength operation is to cool 

the EDF to the cryogenic temperature to reduce the homogeneous linewidth of the EDF 

and prevent mode competition [10-11]. Furthermore, 0. Graydon [12] designed a 

twincore EDF to provide an inhomogeneous gain medium through macroscopic (mm) 

spatial holeburning. Triple-frequency operation from the inhomogeneously broadened 

twincore EDF was reported. Obviously, cooling the EDF is inconvenient, while using a 

twincore EDF is expensive; it also suffers from very low efficiency. 

The use of a different gain medium for each lasing wavelength [13-15] is another 

technique used to obtain multiple wavelength operation. However, this method requires 

many optical components, which increase the cost as well as the complexity. 

Alternatively, one could use a single gain medium, but the cavity losses corresponding to 

the different wavelengths could be carefully balanced. The advantage of this scheme is 

simplicity and low cost. Many multi-wavelength oscillations have been demonstrated, 
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based on this scheme; they include a fiber ring laser using an arrayed-waveguide 

wavelength multiplexed [16], a ring laser with two cavities [13, 17], a ring laser with 

fiber Bragg gratings [18-19], and a laser with a Sagnac-configuration [20]. In addition, 

Brillouin/erbium fiber lasers (BEFL's) have been recently demonstrated as a densely 

spaced robust multiwavelength laser source [21 ]. However, the power discrepancies 

among the different wavelengths limit their applications. 

In this thesis, we propose a novel ring cavity configuration for dual-wavelength 

operation. Only one coupler and two external fiber Bragg gratings are required. The 

structure was based on the single wavelength EDFL in the last section, as we shall see it 

in the following section. The lasing wavelengths were detennined by the two gratings 

with a wavelength separation of about 1 nm. Stable dual-wavelength oscillation has been 

achieved. The benefit of this approach is simplicity, compactness and low cost. 

5.3.2 Experimental Configuration 

The laser configuration is shown in Fig.5.24. The laser consists of a 3-m section 

EDF, a WDM, one 90:10 output coupler, a polarization controller and two Bragg 

gratings. It is similar to the single wavelength EDFL in the last section, but with 

additional fiber Bragg grating at the other end of the output coupler. The two gratings 

(FBG1 and FBG2
) have a 99.9% reflection with 3-dB bandwidth of 0.1 nm at the 

wavelength of A, = 1549.05 nm and ,½ = 1550.4 nm, respectively. 

Referring to Fig.5.24, when the laser is turned on, the ASE light generated in the 

EDF propagates in both cw and ccw directions. When it reaches the output coupler, part 

of the light is coupled out and proceeds to the two gratings, which reflect the light back 

into the laser cavity at the center wavelengths of the gratings. 
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Figure 5.24 Schematic configuration of proposed dual-wavelength EDFL 

Because of the two external gratings, the cavity losses for the two wavelengths in the two 

directions are non-reciprocal. Radiation with wavelength Ai will be favored in the cw 

direction and will come out from grating FBG2
, while that with ,½ will be favored in the 

ccw direction and will come out from grating FBG1
. The PC is used to manipulate the 

polarization state in the laser resonator. In this case, it plays a more important role in 

balancing the effective gains at Ai and ,½. To avoid reflections from the output ports 

after the two gratings, each of them is spliced to an optical isolator ( 41-dB Isolation from 

E-TEK) and an FC/APC connector (from JDS Fitel) which has a 60-dB return loss. 

Laser tunibility can be obtained when the FBG is stretched or heated uniformly. The 

change in the Bragg wavelength as a function of strain or thermal variation is be given 

by: 
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(5.7) 

where a is the coefficient of linear expansion, ( is the thermo-optic coefficient, pt! is the 

photoelastic constant, and & is the applied strain. A common technique to strain FBG is 

to use a piezoelectric translator (PZT) [20, 22]. By applying a voltage to the PZT, the 

FBG can be compressed or stretched. In our laser, a simple way was used to tune the 

laser. Two translation stages were fixed on an iron block and aligned along the moving 

direction, then two drops of wax were put on the stages. After that, the FBG was mounted 

on the top of the wax with epoxy. With the help of the wax, the grating can be easily 

removed from the stages and the wax from the stages. By adjusting either of the stages, 

the laser can be tuned. We tune both stages with the same amount in order to get a better 

uniform stretch. 

5.3.3 Results and Discussions 

The proposed EDFL was pumped by a 980 nm LD through the WDM coupler. By 

appropriately adjusting the polarization controller, the laser could obtain stable operation 

in the dual-frequency regime. The output optical spectrum is shown in Fig.5.25. It is clear 

that the dual-wavelength laser operates in the wavelengths, corresponding to the 

wavelengths of the gratings. As expected, the lasers at the two wavelengths come out 

separately, where ..t, from the FBG2
, and Ai from the FBG1

. This is because both 

gratings have nearly unit reflectivity with a 0.1 nm 3-dB bandwidth, and the wavelength 

difference of the two gratings is about 1.3 nm. So FBG1 is almost transparent to Ai, and 

FBG2 to Ai. 
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We measured the two output powers, which are plotted in Fig.26. With an 

incident power of 80 mW, the outputs at A,, ,ti were about 12 and 8 mW, respectively. 

So the total combined output power was about 20 mW. It is noted that at low pump 

powers, the output curves exhibit hysteresis behavior with a turning point at 22 mW 

pump power, and beyond which, the curves exhibit a kind of small oscillations about the 

straight line. This may be attributed to the inevitable small reflection of ,ti from FBG1
, 

and Ai from FBG2
. A similar phenomenon is also mentioned in Ref. 23. 

The tuning characteristics were investigated by stretching the FBG2
. Fig. 5.27 

plots the lasing wavelength as a function of extension. A tuning range of 3.7 run was 

obtained with an extension of 0.4 7%. As shown, the wavelength tuning was nearly linear 

over the tuning range. Stretching the FBG2 further could increase the tuning range. 

Center: 1549.000nm 
Marker: 1548.790nm 

(a) 

Center: 1549 .O0Onm 
Marker: 1549. 790nm 

(b) 

Figure 5.25 Optical spectra of the dual-wavelength EDFL 

(a) A, = 1548.790nm (b) ,½ = 1549.790nm 
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5.4 Summary 

We have demonstrated both single-wavelength and dual-wavelength laser operations. 

Two travelling-wave fiber lasers working in a single-wavelength region have been 

implemented, based on the configurations proposed in previous chapters. One is the 

single-ring EDFL and the other is the double-ring EDFL. They are constructed by 

incorporating an external fiber grating in a single-ring or a double-ring structure. With the 

help of gratings, the two EDFLs feature nonreciprocal cavities, and thus give rise to 

unidirectional lasing operation without the use of optical isolators. In a single-ring EDFL, 

an output as high as 20 mw with a slope efficiency of 31 % was obtained. However, the 

single-longitudinal-mode (SLM) operation is not robust. The situation is improved in the 
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double-ring EDFL. It has a compound-ring resonator, and makes use of the vernier effect 

to effectively increase the resultant FSR, consequently, substantially enhance the mode 

suppression and ensure SML oscillation. Robust SLM operation is obtained, and the laser 

has an output power of 13.5 mW with a slope efficiency of 27%. Based on the 

configuration of single-ring EDFL, a novel dual-wavelength EDFL using two external 

gratings has been studied. The laser outputs at different wavelengths are separately 

extracted from the two ports of the output coupler. By stretching the fiber grating, a 

tuning range of 3.7 nm is obtained with an extension of 0.47%. The single-wavelength 

and dual-wavelength fiber lasers have considerable potential for a wide variety of fiber­

optic communications and sensor applications. 
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Chapter 6 

Conclusion 

Fiber resonators and erbium-doped fiber lasers are studied theoretically and 

experimentally. 

A basic fiber ring resonator with an external reflector FRRER is presented and 

analyzed theoretically with regard to the resonant conditions and directionality properties. 

The optimum conditions for resonance, the intensities, the loss difference between the 

counter-clockwise (ccw) and clockwise directions (cw) are derived. It has been shown 

that the behavior of the resonators strongly depends on the coupling coefficients of the 

couplers and on the losses. The frequency responses of the circulating intensities are of 

channel-passing types, which make it suitable for building a fiber laser. More 

importantly, by suitably choosing the parameters of the resonator, the FRRER may offer 

a high loss difference between the ccw and cw directions, which is essential to produce 

unidirectional operation without using optical isolators when it is applied to a fiber laser. 

Based on the FRRER, a compound ring resonator with an external reflector 

(CRRER) is proposed. A theoretical analysis of the compound resonator is carried out. It 

is shown that besides having the same features as the FRRER, its free spectral range can 

be increased substantially, which is desirable for the development of a single­

longitudinal-mode fiber laser. 
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According to the directionality analysis, a high loss difference can be obtained by 

choosing either the sets big-k1 small-k2 or small-k1 big- k2, but the former is the preferred 

choice because it will produce lower insertion loss. According to the resonance analysis, 

there are two sets of amplitude resonance conditions, namely, A-resonance and B­

resonance, for one set of phase resonance conditions. The effects of the coupling 

coefficients, losses and resonant numbers on the resonance are investigated. The results 

show that under A-resonance, the circulating intensity is higher and the reduction factor 

is smaller than B-resonance under the same conditions. The free spectral range of the 

resonator can be significantly enhanced by the vernier effect. The effect of the ratio of the 

length of the two rings (Rol) on the reduction factor is also discussed. 

Based on the resonators FRRER and CRRER, we have fabricated two erbium­

doped fiber lasers. Narrow-bandwidth fiber Bragg gratings are employed as external 

reflectors for both of the lasers for better mode selections. A high power difference 

between the ccw and cw directions is obtained, which guarantees the unidirectional 

operation of the two lasers without optical isolators. Single longitudinal mode (SLM) is 

achieved for both lasers, but the EDFL laser with ERRER shows frequent mode hops, 

while the stability of SLM-ED FL laser with CRRER is much better. This is attributed to 

the large free spectral range of the CRRER. Based on the configuration of the FRRER, 

we have fabricated and characterized a new tunable dual-wavelength EDFL with outputs 

coming out separately from two ports of different output coupler. 
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Appendix A 

AU-Fiber Bragg Grating Filters 

Al Introduction 

Over the past few years all-fiber filters have aroused considerable interests mainly because of 

applications in fiber-optic communications, such as channel selection in wavelength 

multiplexed communication systems. The introduction of fiber Bragg grating (FBG) [1-2] has 

opened a new horizon in the all-fiber filter area. A single FBG has been widely used as a 

band-stop reflection filter [3-4]. However, in general a bandpass filter is more useful than 

reflection filter. Several all-fiber bandpass filter designs have been constructed by using a 

phase-shifted fiber Bragg grating. The combination of FBG and optical circulator (OC) [5-6] 

can turn an FBG reflection-type filter into a transmission-type filter, but the OC could cause 

high cost and serious additional losses. A phase-shifted fiber Bragg grating [7] may be used as 

a transmission filter because it has a transmission window within the stopband. However, for 

system designers, it is desirable to have a bandpass filter with high throughput and nearly 

rectangular shape, i.e., quasi-flat-top passband shape and steep slopes. Compound phase­

shifted Bragg gratings [8-9] have been proposed to give a flatter passband. A nearly flat 

spectral behavior was demonstrated by stacked, phase-shifted, thinfilrn gratings [8], in which 

the individual Bragg gratings have different grating strengths. To avoid the complexity 

introduced by different grating strengths, a compound phase-shifted Bragg grating filter [9] 

with constant grating strength has been proposed. Their results show that although a 
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transmission spectrum with a flat top was obtained with a two-phase-shift filter, significant 

ripples still occur in three-phase-shift filters. 

In this thesis, a new ripple-free all-fiber bandpass filter is presented. It has a 

symmetrical structure formed by compound phase-shifted uniform fiber Bragg gratings. 

Special cases for filters with 2 phase-shift and 3 phase-shift sections are discussed. The 

general condition for the optimum design is derived for both cases. A transfer matrix 

formalism is used to obtain the bandpass characteritics of the filter. It is shown that by 

suitably choosing the ratio of the grating lengths, a flattened spectrum could be achieved. The 

ripple factor is studied in terms of the ratio of the grating lengths. The dependence of the 

slope and 3-dB bandwidth of the passband on the ratio of the FBG lengths and coupling 

strength of the FBG is investigated. 

A2 Theoretical Analysis 

Al.I Single FBG 

Figure A.l(a) shows a schematic diagram of a single FBG. 'C' and E are respectively the 

complex field amplitudes of forward and backward propagating waves. / is the grating length. 

The relations of the 'C' and Eat the two ends of the grating are given by [ 1 O]: 

(A.I) 

(A.2) 

139 



-i2td 
- ,d sinh(}'i) exp(--) 

A.a n=-------
}'i 

(A.3) 

(A.4) 

where m* and n* are the complex conjugates of m and n respectively; ,c is the coupling 

coefficient of the grating; 8/J =21, (X1-A.8•
1
) is the detuning from the Bragg wavelength As 

related to the grating period A as ls =2neffA· Here neff is the effective mode index. 
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Figure A.I Schematic diagram of FBG-filter structure: (a) single FBG, 

(b) compound phase-shifted GBF, and (c) transfer-matrix for (b), 

g,,··,gN are gratings; Pt,···,P.v-t are phase-shifts. 
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The reflection coefficient and transmission coefficient are then obtained by imposing 

the boundary condition E(l)=O, and given by: 

E-(0) n· 
r=--=-

E.(O) m 
(A.5) 

£-(/) I 
t=--=-

E♦ (0) m 
(A.6) 

Al.2 Compound Phase-shifted FBG Filter 

Figure A. I (b) shows the compound FBG filter structure. The compound FBG filter has N 

linear gratings ( gi, • .. , g N ), separated by N-1 phase-shifts ( p1,. .. , P.v-i ). Their transfer­

matrix model is shown in Fig.A. I ( c ). The elementary matrix for a phase-shift section with a 

phase-shift value of r/J could be written as: 

[
e-,; o l 

(p]= 0 e'; (A.7) 

By using the elementary matrices g andp in Eq. (A.I) and (A.7), the total transfer matrix of a 

compound FBG filter can be straightforwardly obtained: 

(A.8) 

where 

(A.9) 

and L is the total length of the compound FBG filter. 

By applying the boundary condition E(L)=O, the total amplitude transmission can be 

shown to be: 
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(A.10) 

A2.3 Filter Design 

The incorporation of phase-shifts gives rise to a narrow band transmission window inside the 

stopband of an FBG. By adjusting the magnitudes and locations of the phase-shift regions, 

one can tailor the transmission spectrum for specific needs. In order to get a quasi-flat-top 

transmission spectrum, we design filters with a symmetrical structure, and with all phase-

shifts equal to tr 12. In other words, /1 = l.v , I 2 = l.v-1' • .. , and ¢1 = ¢2 = • • • = r/J.v-i = tr I 2 , for a 

filter with N grating sections. Here /N is the Nth grating length. The special cases for filters 

with 2 and 3 phase-shifts are discussed below. 

A3 Two-Phase-Shift FBG Filter 

In this case the filter has three grating sections and two phase-shifts. According to section A2, 

we have N = 3, r/)1 = r/)2 = tr I 2, and /1 = / 3 . From Eq. (A. l 0) the amplitude transmission is 

(A.11) 

A3.l General Condition for Transmission Curve with Flattened Top 

For the sake of simplicity, we assume ~p = 0. The~ for each grating sectio~ the reflection 

coefficient can be written as: 
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'• = '1 = tanh(,d1) 

'2 = tanh(,d2) 

From Eqs.(A.5). (A.6) and (A.11), we can obtain the normalized transmission intensity: 

(A.12) 

(A.13) 

By setting I = 1 and <f>t = ,r 12 in the above equation. one can find the general condition for 

unity transmission: 

(A.14) 

We introduce an important parameter, the ratio C of the grating lengths: 

(A.15) 

Subsitituting Eq.(A.12) into (A.14), one could obtain / 2 = 2/1 • So, C = 2 is the condition for 

unity transmission. Moreover, it is the condition for a quasi-flat-top transmission curve, as 

will be shown later. It is noted that we have assumed 8P = 0, i.e., ..l = l 8 . That means the 

above result holds at the central wavelength il.8. 

Fig.A.2 shows the normalized transmission intensity as a function of 8il. with C as a 

parameter, here 8...t is the deviation of wavelength from the central Bragg wavelength ls (le = 

J.55µm). For C > 2, the Eq. (A.14) doesn't hold, and the maximum transimission is less than 

unity. This situation is called an under coupling state. For C < 2, there are two symmetrical 

peaks around il.e, which could be explained with the help of the Eq.(A.14). For a given C there 

are values of 18P I, at which Eq.(A.14) could still hold; thus, double peaks will occur at ±op. 

This condition is called an over coupling state. As C approaches 2 from below, the two side 
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peaks approach the middle peak at al = 0. Because the magnitudes of all three peaks are 

unity, the result is a transmission curve with a quasi-flat top. This phenomenon persists up to 

C = 2. Thus C2 = 2 is the condition for a 2-phase-shift FBG filter to have flattened 

transmission spectrum. Here the subscript 2 denotes the optimum value for a filter with 2 

phase-shifts. This is a very desirable quality for an optical filter. 
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Figurer A.2 Normalized transmission intensity as a function of deviation of wavelength 
82, for various values of the ratio C of the grating lengths with !1 = 1 mm. 

A3.2 Ripple Factor 

We have seen in section A3.1 that when C is smaller than C2 , there are two symmetrical 

peaks. This means the transmission band has ripple effects. In order to investigate how C 

affects the transmission curve, we define a ripple factor as: 
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(A.16) 

where Imax is the peak intensity (unity), and Imm is the minimum intensity of a dip. If R = 0, 

the filter has a flat spectrum response around la. It is obvious that R lies between zero and 

one. The ripple factor as a function of the length ratio C, with IC I I as a parameter, is plotted in 

Fig.A.3 for /1 = 1 mm. Here IC/! is the coupling strength of the individual grating sections. 

The ripple factor R increases with the difference between C and the optimum value C2. It also 

increases with increase of the coupling strength IC /i. All the curves converge to the optimum 

point C = 2 . Therefore, the flattened transmission curve for a 2-phase-shift FBG filter can 

always be realized as long as the ratio C = 2, no matter what the coupling strength of the 

individual grating section is. This is a very interesting result. 
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Figure A.3 Ripple factor as a function of the ratio C of the grating lengths with /1 =Imm. 

Dotted curve: Kl, = 1.4 . Dashed curve: ,d1 = 1.8 . Solid curve: ,d1 = 2.2 .. 
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A3.3 Bandwidth and Slope 

The bandwidth and slopes of the transmission band are two other important parameters that 

determine the effectiveness of an optical filter. Because the slope is not constant, we define 

the slope as that value at the 3-dB point. The bandwidth and the slope are plotted against the 

coupling strength IC /1 with /1 as a parameter in Fig.A.4. Here, C is fixed at the optimum 

value. The bandwidth decreases and the slope increases with increase of IC / 1. As the grating 

length Ii decreases, the bandwidth increases and the slope decreases. 
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Figure A.4 Bandwidth and the slope against the coupling strength ,d1• 

Dotted curve: /1 = 0.5 mm. Dashed curve: /1 = 1.0 mm. Solid curve: /1 = 1.5 mm. 
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A4 Three-Phase-Shift FBG Filter 

The three-phase-shift FBG filter has four FBGs and three phase-shifts. They are designed 

with /1 =iP / 2 =/3 , and ,p1 =,P2 =,P3 =;r/2. With the help of Eq.(A.10) the amplitude 

transmission is 

1 
t=-

D 

A4.l General Condition for Transmission Curve with Flattened Top 

We assume op= 0. Then, the reflection coefficients of the four fiber Bragg gratings are 

r1 = r4 = tanh(.ra'1) 

r2 = r3 = tanh(.ra' 2 ) 

The intensity transmission can be derived by using Eqs.(A.5), (A.6) and (A.17) as 

where x = cos(2¢1), and H = r/ + r2 (r1 + I/ r1) • 

From Eq. (A.20) we find the condition for unity transmission 

x=-1 

or 

H=l-2x 

(A.17) 

(A.18) 

(A.19) 

(A.20) 

(A.21) 

where the first condition gives to the central peak at A.8 , and the second condition gives the 2 

side peaks. It is obvious that the first condition is automatically satisfied with 'Pt = :r 12 which 
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means the intensity transmission is always unity at the central Bragg wavelength. When that is 

satisfied, the second condition becomes: 

(A.22) 

If Eq.(A.22) holds, then the three peaks will overlap at the central Bragg wavelength 

.,t8 , which will make the transmission curve a quasi-flat top. So Eq.(A.22) is the optimwn 

condition for a flattened response. After substituting Eq. (A.19) into (A.22), one could obtain 

the optimwn value C3 by numerical calculation. It is noted that unlike the case of a 2-phase­

shift FBG filter which has a constant C2 = 2, a 3-phase-shift FBG filter has a variable C3, 

which is a function of the grating strength 1d1. 

The dependence of the optimum value C3 on the Ki1 is plotted in Fig.A.5. As Ki1 

increases, the optimum length ratio C3 decreases. So, for a given grating strength, a quasi-flat­

top bandpass filter could be realized by adjusting the grating length ratio C. For example, at 

Ki1 = 1.5, C3 is 2.23. Fig.A.6 shows the transmission intensity characteristics of a filter as a 

function of 8,i with Casa parameter for ,d1 = 1.5 and /1 = 1 mm. It is clear from Fig.A.6 that C 

= C3 = 2.23 is the optimum ratio for a flattened transmission response. 

A4.2 Ripple Factor 

Figure A.6 shows that when C < C3, three peaks exist, i.e., the response shows a ripple 

phenomenon. The ripple factor as a function of the ratio C is shown in Fig.A. 7 for various 

values of K 11. All the curves end at their corresponding optimum values of C. It is obvious 

that the ripple factor increases as the grating length ratio C deviates from C3. It is noted that 

each curve has a region where R is almost zero, within which the transmission curve is almost 

148 



2.6 

2.5 

2.4 

C 
2.3 

2.2 

2.1 
0.5 1.0 1.5 2.0 2.5 

,di 

Figure A.5 Optimum value C3 for a three-phase-shift FBG against 
the grating strength Kf I with /1 = 1 mm 
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Figure A.6 Transmission intensity as a function of 8.it for various of the ratio C 

of the grating lengths with Kl1 = 1.5 and /1 = 1 mm. 
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ripple-free. For example, for 1C!1 = 1.5, the "ripple-free" region could be given by C between 

2.15 and 2.23. This range becomes wider as the grating strength IC l I decreases. This property 

allows filters to be much more easily fabricated. It also makes the filters much less sensitive 

to the environment, which could change the individual grating lengths. 
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Figure A. 7 Ripple factor as a function of the ratio of C of the grating lengths 

for various values of with Kf1 and /1 = 1 mm. Dotted curve: Kl1 = 1.0. 

Dashed curve: Kl1 = 1.5 . Solid curve: Kf 1 = 2.0 . 

A4.3 Bandwidth and Slope 

The bandwidth and the slope as functions of the grating strength IC Ii are plotted in Fig. A.8 

with Ii as a parameter with C assuming its optimum value; thus the transmission curves are 
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ripple-free. Just as in the 2-phase-shift FBG filter, as K Ii increases, the bandwidth decreases 

and the slope increases; as / 1 decreases, the bandwidth increases and the slope decreases. 

Comparison of Figs.A.4 and A.8 shows that for the same grating strength K Ii a 3-phase-shift 

filter has a smaller bandwidth, and a larger slope than a 2-phase-shift filter. To show this 

comparison more clearly, the transmission curves for the two cases with the same bandwidths 

.h""C shmm in Fig.A.9. These curves show that the transmission curve is more nearly 

rectangular in the case of a 3-phase-shift filter than in the case of a 2-phase-shift filter, with 

the bandwidths being equal. So, the characteristics of a filter could be improved significantly 

by introducing additional grating and phase-shift sections; however, this will also increase the 

fabrication complexities and the physical length of the filter. 

AS Summary 

A theoretical study of phase-shifted fiber Bragg grating filters has been presented. Special 

cases with 2 and 3 phase-shift sections are discussed in detail. The general optimum 

conditions for ripple-free transmission curves are derived exactly. A critical parameter is the 

ratio C of the grating lengths. For a 2-phase-shift FBG filter, the optimum condition occurs at 

C2 = 2. For a 3-phase-shift FBG filter, the optimum value C3 is variable; it decreases with 

increase of K 11. As ,c 11 changes, the bandwidth and slope change in opposite directions. For 

the same bandwidth a 3-phase-shift filter has a more rectangular intensity transmission curve 

than a 2-phase-shift filter. Such a property could be specially useful in applications such as 

channel selection in wavelength-multiplexed optical fiber communication systems. 
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Figure A.8 Bandwidth and slope as functions of the grating strength Kf 1 • 
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Figure A.9 Transmission characteristics of the two-phase-shift filter and three-phase-
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Appendix B Loss Difference of FRRER 

We derive the expression for loss difference given in Eq. (3.2). Referring to Fig. 

3.2, the intensities at the four ports of the coupler can be written as 

and other relations are 

[, = 0 ., 

(B.l) 

(B.2) 

(BJ) 

(B.4) 

where a= ✓0-k)(l -y), and b = ✓ k(l -y). The subscripts a and t denote the light 

travelling away from and toward the coupler. 

From Eqs.(B.1 )-(B.4), the loss difference can be straightforwardly obtained as 

following: 

(B.5) 
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Appendix C 

Cl Electric fields in Case I 

Figure 3.5(a) shows the configuration of Case I, which consists of a ring resonator. In 

order to investigate the properties of the resonator, one should find the electric fields in 

each port. For clarity, in the following, we use a and t as subscripts of fields to denote 

the field travelling away from or towards the coupler. 

Referring to Fig.3.5(a), the electric fields at the four ports of the coupler can be 

related by matrix equation: 

E,a 

Eia 
= 

£3a 

E4a 

other relations can be given by: 

with 

0 0 jb a 

0 0 a jb 

jb a 0 0 

a jb 0 0 

E = E e -<aJ•?J••/1 
It 4a 

a= ✓(l-k)(l-y) 
b = ✓k(I-y) 

(C.l) 

(C.2) 

(CJ) 

(C.4) 

(C.5) 

(C.6) 

where Eq.(C.l) is based on the coupled-wave equations, while Eqs.(C.2) and (C.5) are 

based on propagation relations along fibers; a and b are the effective transmission 

coefficient and reflection coefficient. The parameters a and p are the amplitude 
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attenuation coefficient, the propagation constant of the fiber; i; and l are the splicing loss 

and length of the fiber ring, respectively. 

From Eqs.(C.1 )-(C.5), the circulating intensity and output intensity can be 

straightforwardly obtained as follows: 

£40 jb -=-----
E/11 l-ae-<al•~1e'P 

(C.7) 

Ela = a-(l-y)e-(a/·~1e'P 

E in I - ae -<al•~> e ,p 
(C.8) 

C2 Electric fields in Case II 

The configuration of Case II is shown in Fig.3.5(b). The difference between Case II and 

Case I is in that an end reflector is added at port 3 and the input light is launched at port 2 

instead of port 3 in Case I. Therefore, the above equations for Case I can be applied 

except that Eqs.(C.3) and (C.4) are replaced by the following two equations: 

(C.9) 

(C.10) 

where parameters r, 80, i;0 and l Oare the amplitude reflectivity of the ER, the phase 

change due to the ER, the splicing loss and the fiber length between port 3 and the end 

reflector, respectively. 

Based on Eqs.(C. l )-(C.2), (C.5)-(C.6), and (C.9)-(C. l 0), the circulating intensities 

and output intensity can be solved as: 

(C.11) 
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E,
0 

jrbe-<alo•~>/floeia. 

E;,, = 1- ae-<a1•.:>e 1fl • £30 

= jrbe -ca1 •• ,:. > e ,fl. e ;.r. a - (1- r )e -<a1•.:> e ,fl 

I-ae-<aJ•O:leifl • 1-ae-<aJ•?>e,fl 

Eia =re-<ala•~)elfloe'Oo ·(£30)2 

= ,e-<a1 •• ,:.1e,fl•e',s• _rl a-(1-y)e-,al•.!\/" J,
2 

1- ae-<a1•.:> e'fl 

(C.12) 

{C.13) 
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Appendix D 

D 1 Electric fields of CRR 

we use the coupled wave equations for the coupler and propagation relations between 

different points along the fiber to derive the output and circulating fields, where the 

coupled wave equations are formulated in matrix form. 

Referring to Fig.4.1, we obtain the following equations: 

Ela 0 0 ib1 a, E,, 

E2a 0 0 a• ib1 E2, = 
Ela ib1 a• 0 0 E1, 

(D.l) 

E4a a, ib1 0 0 E4, 

Esa 0 0 ib2 a2 Es, 

E6a 0 0 a2 ib2 E6, = 
E1a ib2 a. 0 0 E1, 

(D.2) 

Eaa a. ib2 0 0 Ea, 

and 

E 3, = Em (D.3) 

E = E e<-a+1P)Lz+,; 
41 1a (D.4) 

E = E e<-a+1P)L1+0:1 
St 2a (D.5) 

E = E e(-a+1P)l1 +,;, 
61 la (D.6) 

we also have 

E 1, = E 2, = E 1, = Ea, = 0 (D.7) 
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coupler intensity loss coefficient the ith coupler. The parameters <Z P, t;; (i = 1, 2, 3) are, 

respectively, the amplitude attenuation coefficien4 the propagation constant and the 

splicing loss of the fiber. The subscripts a and t denote the field travelling away from and 

towards the corresponding couplers. 

The output and circulating fields are easily obtained from Eqs.(D.1) - (D. 7) as 

follows: 

where 

E = 1lb1 +b2p.rq.r(I-y1)] E 
la P2q2(1-ala2ppqp +b1h2P.rq.r) 

111 

P, = e<-a1., •.:, > 

q; =e'/Jl., 
(i = 1,2,s,p) 

(0.8) 

(0.9) 

(D.10) 

The subscripts I, 2, sand p denote the values for the fiber segment L1, L2, Ls, and Lp, 

respectively. 

D2 Electric fields of double-coupler rin& resonator with an external reflector 

The schematic diagram of the double-coupler ring resonator with an external 

reflector (DCRRER) is shown in Fig.D. l. It is just the structure of the right side of the 

dash line in Fig.4.12. 

To find the electric fields at port I, 6 and 8, first we need to write the equations 

related to the eight ports as in appendix A and B, which are as following: 
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---+--+---111111111 
3 /3 R 2 

Figure D.1 Configuration of the DCRRER 

Ela 0 0 ib, a, E,, 

E2a 0 0 al ib1 Ei, 
= (D.11) 

E3a ib1 a. 0 0 £3, 

E4a a. ibl 0 0 £4, 

Esa 0 0 ib2 a2 Es, 

E6a 0 0 al ibl E6, 
= (D.12) 

E,a ib2 a. 0 0 E,, 

Esa a. ib2 0 0 Ea, 

and 

E1, = E;,, (D.13) 

E = E e<-a+iPJI,+{, 
2t Sa (D.14) 

E = E e<-a+1/J)l,+{3 
31 3a (D.15) 

E = E e<-a•iPJt1~2 
41 1a (D.16) 
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we also have 

The above equations may be solved to give: 

where 

E6a ala2p2q2 
-= 
Em 1 + b1h2Psqs 

P, = e<-a1., .. ,:, > 

q, =e'/JL, 
(i = 1,2,s) 

(D.17) 

(D.18) 

(D.19) 

(D.20) 

(D.21) 

(D.22) 

(D.23) 

(D.24) 

The subscripts 1, 2 ands denote the values for the fiber segment 11, Ii, ls, and ls= l1+l:z. 

Other parameters have the same definition as in appendix D 1. 

By setting E8a = 0 , the optimum resonance conditions can be obtained as: 

k1 =k20-r1)P; 

P ·ls =(2m + l)tr 
(D.25) 
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Appendix E 

El Principle of operation of interferometer 

Fabry-Perot-type or ring-type interferometers are essentially ultra-narrow linewidth filters 

which produce a series of sharp transmission peaks as the cavity length is slightly varied 

with the scanning of the piezo-electric ramp voltage. The difference between FP and ring 

type interferometer is that transmission curve is channel-passing type for FP while 

channel-blocking for ring interferometer. In another words, when the cavity is on 

resonance, FP type has a maximum transmission and ring type has a minimum 

transmission. The resonance occurs when 

2nl 
-=m 

A. 
(FP resonator) (E.l) 

nL 
-=m 

A. 
(Ring resonator) (E.2) 

where L is the cavity length, n is the refractive index of cavity path, and m is integer. 

From Eq. (El-E2) one can obtain the following expression for the change dv in 

the resonance frequency of a given transmission peak due to a length variation di 

dv di 
(FP resonator) (E.3) --=-

FSR (l/2n) 

dv di 
(Ring resonator) (E.4) --=---

FSR (A.In) 

According to Eqs.(EJ) and (E4 ), we can tune the peak transmission frequency of the 

interferometer by 1 FSR by changing its length half a wavelength or a wavelength. This 

property is utilized in operating FP or ring resonator as a scanning interferometer. The 

optical signal to be analyzed passes through the resonator as its length is being swept. If 
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the width of the transmission peaks is small compared to that of the spectral detail in the 

incident optical beam signal, the output of the resonator will constitute a replica of the 

spectral profile of the signal. 

The finesse of the interferometer can be written as [l] 

F=tr✓R 
l-R 

(FP resonator) (E.5) 

(Fiber ring resonator) (E.6) 

k, = 1-(1- Yo )(1 - a 0 )exp(-2aL) (E.7) 

where R is the reflectivity of the FP mirrors; a0 is the splice intensity loss; a is the fiber 

loss per unit length, r O is the coupler insertion loss and L is the fiber loop length. 

El Structure of interferometer 

PC Oscilloscope 

Pi½+d 

Power Amplifier 1-4----~ Wave Generator 

Figure E.l Scanning ring interferometer experimental arrangement. 

164 



Figure E.1 shows the schematic of the homemade fiber ring interferometer. The phase 

modulation is achieved by fiber stretching. The fiber is wound around a PZT cylinder 

whose diameter is changed by a voltage supplied by a power amplifier. The laser output 

is coupled from one port of the coupler and the output is connected to a detector, which 

converts the optical signal to electrical signal. The detail spectrum is shown from the 

oscilloscope. 
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