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Abstract

The main objective of this project is to build a multi-wavelength ring laser
operated at room temperature. Multi-wavelength fiber laser sources have potential
applications in optical communication systems and optical fiber sensing networks. The
literature related to the fiber lasers is generaltly reviewed in order to understand the
principle and the current development of the fiber lasers.

Essential optical components used in the multi-wavelength ring laser are
diséussed. They play important roles in the laser cavity A Mach-Zehnder
interferometer is used as the comb filter and its theoretical model is presented. By the
use of an optical switch, the operating wavelengths can be shifted between two
wavelength bands, centered at 1555 nm and 1565 nm respectively. Simultaneous
operation of 10 wavelengths with wavelength spacing of 0.5 nm and SNR of 25 dB is
demonstrated in an Erbium doped fiber ring Jaser having such a comb filter at 77 K.

The theoretical analysis and experimental investigation for the hybrid gain
medium, which combines a homogeneous gain medium and an inhomogeneous gain
medium, are carried out. Lincarization, Perturbation Analysis and Stability Analysis
are employed to obtain a theoretical model of the ring laser with the hybrid gain
medium, A stable 22 wavelengths output from a hybrid gain laser with wavelength

spacing of 0.5 nm and SNR of 25 dB is observed experimentally at room temperaturc.
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Chapter 1

Introduction

1.1 The Aim

The aim of this thesis is to study a multi-wavelength fiber ring laser source
operated at room temperature, to analyze roles of the major components in the
multi-wavelength ring laser and to exploit possible configurations of the laser
structures in order to enhance the flexibility in their operation and to increase the
number of wavelengths in the lasing action. The theoretical analysis for the proposed
configurations has been carried out in order to further understand the laser physics
relevant to the multi-wavelength fiber laser and the results obtained in the analysis are

verified by the experiments.

1.2 The Thesis Organization

In chapter 1, the state of the art of the optical fiber technology is generally
reviewed. Challenges in telecommunication systems are stated. In fact, the
multi-wavelength light sources play an important role in the optical communication
system and optical fiber sensing system. Both systems arc briefly introduced in the

latter part of this chapter.



In chapter 2, the concise illustration on common laser models such as two level
system and three level system is presented. Recent progress of multi-wavelength fiber
lasers is briefly reviewed in order to provide a general research background.

In Chapter 3, the essential components in the multi-wavelength ring laser are
investigated. These components play different roles in the laser cavity. A theoretical
model of the comb filter called Mach-Zehnder interferometer is presented. Iis
functions are fully investigated in an experiment. Moreover, optical amplifiers such as
Erbium Doped Fiber Amplifier (EDFA) and Semi-conductor Optical Amplifier (SOA)
are discussed. Their amplification mechanisms are explained by means of the Two
Level System and Three Level System.

In Chapter 4, the theoretical analysis and experiments about the hybrid gain
medium, comprising the homogeneous gain medium and the inhomogeneous gain
medium, are carried out. The Linearization, Perturbation Analysis and Stability
Analysis are presented. The theoretical model of the ring laser with the hybrid gain
medium is deduced. Such a ring laser is experimentally demonstrated to verify

theoretically obtained results.

In Chapter 5, the major conclusion is made. The works worthy of further

investigation arc suggested,



1.3 The Beauty of the Optical Fiber Technology

The light guided by the glass is well known, but its power loss is tremendously
large (1000 dB/km) in the glass. The glass was not a good transmission medium
before. The lightwave communication in the glass was solely a dream. Until 1966, K.
C. Kao and G. A. Hockham firstly proposed the low loss glass fiber as a transmission
medium in telecommunication systems [1]. They claimed that the intrinsic loss of
silica based glass was low enough to be a waveguide. The major loss was stemmed
from the impurities such as high concentration of transition metal ions and hydroxyl.
In 1970, Coming Glass Work proposed a method called Outside Vapor Deposition
(OVD) to produce glass fiber with loss 20 dB/km successfully. In addition, the
long-term stability about the semiconductor laser can be enhanced. Today, the dream
of the lightwave communication reatly comes true,

Now, the loss of single mode fiber reduced to 0.2 dB/km. Consequently, the wide
bandwidth around Infra-Red regions can be supported by the optical fiber. The first
fiber, whose core and cladding diameters were 62.5 pm and 125 pm, was the
multimode fiber. They facilitated the fiber fusion. The single mode fiber was
prominent in long haul applications as it can support the transmission with high data
rates. Its core diameter (9 um) was an unique difference between the single mode and

multimode fiber. Its bandwidth was higher than the bandwidth supported by the



multimode fiber due to the fact that the intermodal dispersion was absent in the single
mode fiber.

There were two magic numbers (1.3 pum and 1.55 pm) in the optical
communication._Arpund wavelengths at 1.3 pm and 1.55 pm were second and third
communication windows respectively. The zero dispersion point can be found in the
fiber at wavelength 1.3 pm. The wavelength with the lowest power loss of the fiber
was 1.55 um. Researchers did not satisfy the fiber with the zero dispersion point at 1.3
pm. After the waveguide technology was improved, the zero dispersion point shifted
to 1.55 um. The dispersion-shifted fiber, which simultaneously offered both the lowest
power loss and zero dispersion characteristics at 1.55 ym, was developed [2].

In addition to the development of the fiber, the invention of the optical amplifiers
called erbium doped fiber amplifier (EDFA) brightened the industry of the optical
communication again. Since they can directly amplify optical signals without the
conversions between photonic regime and electronic regime, their amplification was
independent on the bit rates and data formats. Now, the optical signals can propagate
through several hundreds kilometers long fiber networks by means of periodic optical
amplification [3). The transmission of multiple wavelengths was feasible within the

gain spectrum of EDFA.



1.4 The Impacts on Telecommunication Networks Today

The traffic burden in the past telecommunication network was mainly voice
signals rather than data signals. The practical frequency limitation of this network was
a few Megahertz because intolerable loss with frequency dependence was introduced.
Although coaxial cables with bandwidth of 10 GHz were developed to cope with
bandwidth demanding problems, they were finally not the best transmission medium
for high capacity networks. Yet, people were long for the networks having large
capacity. The discussion on increasing challenges faced by the telecommunication
industry realized the importance of DWDM (Dense Wavelength Division
Multiplexing) devices and optical networking [4].

As the Internet users grew exponentially, the tremendous demand for the
bandwidth capacity from the customers was inevitable. A long-distance carrier made a
great pmgrc;:ss in 1997 when it extended its bandwidth capacity to 1.2 Gbps (billions
of bits per second) over a pair of the optical fibers. The transmission speed of 1 Gbps
permitted to transfer 1000 books per sccond. This improvement on the transmission
speed can support various applications such as Internet Phone, radio broadcast and so
on. The network transmission rates of terabits (trillions of bits per second [Tbps])
were urged, which allowed to transmit 20 million simultaneous 2-way phone calls or

the text from 300 year-worth of daily newspaper per second. The telecommunication



networks with such a transmission rate can camry the Signals from different
applications related to multimedia and video.

Frankly, it was hard to foresee the network growth for the purpose of meeting the
market demand. A study estimated the demand on the U.S. interexchange carmier’s
network would increase sevenfold from 1994 to 1998, meanwhile the demand for the
U.S. local exchange carrier’s network would increase fourfold. A company pointed out
its network growth was 32 times tha.t last year, whereas another company said that the

size of its network was double every six months within 4-year period [5].

1.5 Introduction to DWDM

The Dense Wavelength Division Multiplexing (DWDM) is an optical
multiplexing technology. The number of wavelengths with a dense channel spacing
(A A <100 GHz) are coupled in a single optical fiber. This can dramatically increase
the total bandwidth of the fiber. To cite an example, there are 10 wavelengths in the
fiber. Each wavelength carries traffic at 10 Gbps rate. Finally, the aggregate bandwidth
of .the fiber is 100 Gbps. On top of this, cach wavelength may also have different data
formats and bit rates. This can allow the optical fiber to carry the optical signals with

different traffic such as SDH, SONET and so on simultancously [4,6).
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Fig. 1.1 The typical structure of optical communication system

Fig. (1.1) shows the typical “Point to Point” optical communication system in
which there are different types of optical amplifiers, a wavelength multiplexer, a
wavelength de-multiplexer, transmitters and receivers. In addition to those
components, an add-drop node can be found to enable adding and dropping
wavelength channels in an optical link.

In such optical communication systems, the clectrical signals directly modulate
to the optical wave in the transmitters by the use of Distributed Feedback (DFB)
semi-conductor lasers. Different wavelength channels carrying optical signals are
combined and sent to the optical fiber via the wavelength division multiplexer. Then,
the optical amplifiers amplify the optical signals transmitted in different channels
simultaneously in order to compensate the power loss stemmed from the transmission.
The wavelength channels are de-multiplexed by using the wavelength de-multiplexer.

Finally, the receivers convert the optical signals to the electrical signals.
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In fact, the DWDM is able to cope with the shortage of the bandwidth of existing

optical networks. The total bandwidth of the fiber is increased by two methods [4].

1.

To increase the bit rate of each channel

The bit rate of each channel increases from 2.5 Gbps to 10 Gbps. The channel
capacity is 4 times larger than that before. On the one hand, this éffectively
increases the bandwidth of single channel. On the other hand, the cost
effectiveness of the electronic circuits is quite low because their bit rate above 40

Gbps is a technical challenge.

To increase the number of wavelengths in the single fiber

Several communication windows are defined for the transmission such as C-band
(1530 nm-1560 nm), L-band (1570 nm-1620 nm) and so on. A number of
wavelengths propagating through the fiber simultangously are possible. If each
channel carries the traffic with the same bit rate, the factor of increasing.
bandwidth will be only proportional to the number of wavelengths. Meanwhile,
scientists were also concerned about the wavelength monitoring in the DWDM

systems for the sake of system stability.



1.6 The FBG sensor systems based on multi-wavelength light
Sources
The invention of the Fiber Bragg Grating (FBG) is vital for the optical fiber
sensing and the optical communication [7-8]. Since the FBG is compact and sensitive
to the strain and temperature, the optical sensors based on the FBG were developed

for many engineering applications such as structural monitoring and temperature

sensing [3].

SMF 5G0m
ASE FBG1 FBG2 FBG3
i +—e $iran
: @ = il Hh -—
1550nm 1558nm 1544nm

EDFA
Output

Fig. 1.2 A conventional passive FBG sensor head. SMF: Single Mode Fiber [9]

Fig. (1.2) shows a conventional passive FBG sensor system in which a broadband
light source such as a Light Emitting Diode (LED) and the Amplified Spontaneous
Emission (ASE) from the EDFA was utilized. The spectrum of the light source should
cover the Bragg wavelength of the FBG [9]. Owing to weak optical power reflected

by the FBG, the Signal to Noise Ratio (SNR) of such a system was limited [10-12].



Fig. 1.3 An Erbium doped FBG fiber laser sensor. OSA: Optical Spectrum
Analyzer, VA: Variable Attenuator [10]

Applying an Erbium doped fiber laser to the FBG sensor systems was intensively
studied in Fig. (1.3) [10]. In fact, the FBGs act as sensor heads and reflectors of the
laser cavity. This can successfully enhance the SNR of the sensor systems. Due to the
homogeneous broadening of the Erbium doped fiber, there are only maximum 4
sensor heads in the fiber laser. Moreover, the output power of the fiber lasers

fluctuates because of the serious mode competition between lasing modes.
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Laser Output

Fig. 1.4 A multi-wavelength FBG laser sensor system. SOA: Semiconductor
Optical Amplifier, VC: Variable coupler [11]

Fig. (1.4) shows a multi-wavelength FBG laser sensor system. The number of
sensing heads and SNR can be increased in such a system because the inhomogeneous
property in the Semiconductor Optical Amplifier can support several lasing modes

simultaneously [11]. The output power of the laser is stable.

:;,_ad;;ft SMF 500m
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Fig. (1.5) A frequency-shificd multi-wavelength FBG laser sensor system. AOM:

Acoustic optics modulator [12]

Fig. (1.5) shows frequency-shifted multi-wavelength FBG laser sensor system.



Owing to the breakthrough about the operation of multi-wavelength Erbium doped
fiber laser at room temperature, the output power and SNR of the FBG sensor system

are further enhanced [12].

1.7 The multi-wavelength light sources

The multi-wavelength light sources play an important role in the DWDM
communication system and the optical fiber sensing system. The straightforward
approach for building-up the multi-wavelength light source was to couple the
wavelengths from an array of Distributed Feedback (DFB) lasers with individual
wavelength directly modulated, which was called Array Lasers. Direct modulation of
DFB lasers with modulation frequency of 2.5 GHz.was performed.

The Multi-wavelength Fiber Ring Laser (MFRL) was also investigated. The main
components of a fiber laser include gain media and comb filters. Multiple wavelengths
were generated from the single light source. Each wavelength was de-multiplexed first
by the demultiplexers. Then, the wavelengths were multiplexed after the modulation.

Although the individual DFB lasers can be modulated at very high speed, the
array lasers have a coupler factor (1 / number of lascr sources) coming from the
coupler. For each of the DFB lasers used, an electronic driving circuit is necded. This

is not cost effective. On top of this, the spacing between wavelengths is difficult to



maintain because the wavelength of the DFB laser may be changed by the age of the
laser and mutual heating. There is also interchannel interference. Actually, MFRL also
face the wavelength drifted caused by the comb filter, but the wavelength spacing is

consistent. This can be settled down easily by the feedback control or good packaging

[13].
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Chapter 2

Fiber Lasers and their lasing principles

2.1 Background

In this chapter, development of fiber lasers and their merits are presented first.
Then, principles of lasers are described by the use of rate equations and the simple
concepts of the fiber laser are also introduced. Finally, the recent progress of
multi-wavelength fiber lasers is reviewed to provide a research background of the
project.

Researches on the fiber lasers have been conducting for about four decades.
Snitzer firstly reported experimental results about a Neodymium (Nd) doped glass
fiber laser in 1961 [1]. Subsequently, researchers tried to find potential applications of
fibers lasers. In 1966, Kao et al. proposed an attractive application of optical fiber
related to telecommunication systems. This not only vitalized the communication
systems but also revived the researches on the fiber lasers. Actually, optical fiber
amplifiers are very important in the fiber lasers. In 1989, an Erbium Doped Fiber
Amplifier (EDFA) was invented. It can be operated around 1550 nm corresponding to
a spectral region with the lowest attenuation in an optical fiber. Then, different types

of Erbium Doped Fiber (EDF)} lasers were proposed, but they only operated at single

2-1



wavelength [2]. Because of bandwidth demanding in communication systems,
Wavelength Division Multiplexing (WDM) can efficiently increase a transmission
capacity of an existing optical communication system. A multi-wavelength light
source can replace a lot of Distributed Feedback (DFB) lasers in WDM systems

because it can simultaneously generate a number of wavélengths 3]

2.2 Benefits offered by fiber lasers

Fiber lasers are made by a rare earth doped optical fiber. The loss of optical fiber
stemmed from scattering and absorption is very low. The optical components based on
optical fibers facilitate alignment of fiber lasers. For example, we can utilize fiber
couplers to perform a beamsplitting function in laser systems so that diffraction loss
associated with bulk optic components can be avoided. In addition, all fiber reflectors,
interferometers and resonators based on fiber coupler can be built easily. These not
only decrease the power loss in laser cavitics but also reduce the size of fiber lasers.
Morcover, highly spatial overlap between pump power and lasing wavelength is
expected in the single mode optical fiber to reduce the lasing threshold of the fiber

lasers [4].
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2.3 Recent progress of multi-wavelength fiber lasers

Multi-wavelength fiber lasers offer simultaneous operation of many wavelengths
with fixed wavelength spacing. They have many applications ranging from dense
wavelength division multiplexing (DWDM) optical fiber communication systems to
optical fiber sensor networks. To satisfy wavelength spacing (0.8 nm) of the DWDM
systems, an effect of cross saturation in a homogeneous broadening gain medium
should be suppressed [5]. The wavelength range, over which cross saturation is
effective, is determined by a homogeneous linewidth. At room temperature, the
homogeneous linewidth of the EDF is at 10’s of nm order. At 77 K, it is greatly
reduced to 0.5-1.0 nm [5,6]. Then, the EDF becomes an inhomogeneous gain medium
in which simultaneous operation of multiple wavelengths is allowed.

Park et al. made the first fiber laser generating 6 wavelengths [7]. The
wavelength channels were separated by 4.8 nm. The linear cavity in the fiber laser was
fabricated by splicing 2 WDM multiplexer to the EDF. Both fiber ends in the linear
cavity were connected with two fiber loop mirrors. Although 6 different wavelengths
were clearly found in an optical spectrum, a temporal modulation on a millisecond
time scale was also observed. Actually, the modulation was come from a spatial hole
burning, which can bc avoided in an unidirectional ring laser. Six wavelength lasers

with total output power of 1| mW were generated in such a ring laser. The average
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power of each wavelength ranges from 50 to 150 uW.

Yamashita et al. first proposed to generate multi-wavelengths in the linear cavity
EDF laser with a Fabry-Perot etalon at 77 K [8]. Only three lasing wavelengths with
0.8 nm wavelerigth spacing, which corresponded to the maximum transmission of the
etalon, oscillated in the laser cavity at room temperature. Cooling EDF at 77 K can
greatly increase the number of lasing wavelengths to 17 owing to strong suppression
of the cross saturation at such a low temperature,

The laser cavity needs to include a WDM multiplexer or several filters to build a
lot of possibly lasing modes in the multi-wavelength fiber laser. A filter with a comb
like transmission spectrum can simplify the structure of the laser cavity. Ghera et al.
took the advantage of a birefringence property of the optical fiber to form a comb
filter [9]. A length of Polarization Maintaining (PM) fiber was introduced into a linear

Nd-doped fiber laser in Fig. (2.1).

Connection
My poini Ma
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4 .

Fig. 2.1  Linear Nd-doped fiber laser had a length of PM fiber acting as a comb
filter [9]

The PM fiber is actually a bircfringent filter with the spacing between the
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transmission peaks as illustrated in Eq. (2.1).

A = ;“—2
2|n, -n flem

2.1
Where

A:An oscillatil;g @avelength

n, ,: Refractive indexes of the slow and fast birefringence axes of the PM fiber
L5 - The length of PM fiber

At room temperature, four lasing wavelengths with a wavelength separation of 1
nm oscillated in the laser cavity with a PM fiber length of 1.2 m. Within same
oscillation bandwidth, eight lasing wavelengths with wavelength spacing of 0.7 nm
oscillated in laser cavity with a PM fiber length of 2 m,

In addition to the birefringence filter, an all fiber Fabry-Perot filter, whose Free
Spectral Range (FSR) and fringe width were 0.09 and 0.03 nm respectively, was
formed by two chirped Fiber Bragg Gratings (FBG) with a reflectivity of 50% which
were separated by 8 mm. Chow et al. used this filter in the EDF ring laser at 77 K,
which is shown in Fig. (2.2) [10]. Simultaneous operation of 11 wavelengths was
achieved. Moreover, sampled FBG, which had a Fabry-Perot transmission spectrum
with a FSR of 1.8 nm and a finesse of 15, was also introduced in the ring laser. It can
facilitate the structure of the comb filter in the laser cavity. However, only five lasing

wavelengths were generated in the EDF ring laser at 77 K because a number of
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oscillating wavelengths was limited by a transmission bandwidth of the sampled FBG.

Fig. 2.2 An all fiber Fabry-Perot filter or sampled FBG were introduced in EDF
ring laser [10]

The previous schemes on multi-wavelength generation is related to the EDF laser
operation at 77 K. Cowle et al. proposed to use a hybrid gain medium in the fiber laser
which can be operated at room temperature [11]. Fig. (2.3) shows a hybrid gain
medium to include Brillouin gain and EDF gain. An optical pump source with a
narrow linewidth excited the Brillouin gain in the optical fiber. It generated Brillouin
signals in the optical spectrum by means of a Stimulated Brillouin Scattering effect.
The frequency difference between the Brillouin signals was determined by an acoustic
velocity in the optical fiber. In fiber laser with such a hybrid gain medium,
simultancous operation of multi-wavelength with wavelength spacing of 10.3 GHz
was realized by continuously sceding the Brillouin signals to the Brillouin gain. The

EDF gain only compensated the power loss in the laser cavity and incrcased output
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power of the laser.
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Fig. (2.3) The fiber laser had the hybrid Erbium/Briliouin gain medium [11]

Bellemare et al. suggested a frequency shifter working in the EDF ring laser
cavity, which is shown in Fig. (2.4) [12]. The Amplified Spontaneous Emission (ASE)
generated from the EDF circulated in the ring cavity. The period bandpass filter sliced
ASE power on each circulation in order to ensure wavelength spacing of 0.8 nm. The
ASE power 01:’1 each circulation was frequency shifted by an acoustooptic frequency
shifter in the laser cavity so that a steady state of a single mode oscillation was
avoided. The EDF fiber lasers with frequency shifted feedback can allow 14
wa‘velengths to oscillate simultaneously. The Signal to Noise Ratio (SNR) and total

power of the fiber laser were 20 dB and 7.8 dBm respectively.
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Fig. (2.4) The EDF fiber lasers with frequency shifted feedback [12]

2.4 Rate equations

Principles of lasing action are commonly explained by means of the rate
equations. They seem to be a shortcut in analyzing the general performance of the
lasers such as light intensity of each longitudinal mode. Actually, it is stemmed from
the Semi-Classical Theory, but the descriptive explanation about the hole burning
effect, mode competition and so on can be given [13]. The accurate characteristics of
the quantum effects in the lasers cannot be found in such a theory. The simplification
of the lasers can be achieved in the Two Level System and the Three Level System

with descriptive presentation of energy levels and populations [14].

2.4.1 Two Level System

The Two level System was developed by Einstein in order to explain the concepts

of spontaneous process and stimulated process. A hypothetical atom only having two
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energy levels, E; and E,, is considered. The energy level of E; is greater than that of
E>. Ny and N; are the population density of the electrons in the lower and upper energy
levels respectively in an unit volume. Then, the total population density is N= N)+N;.
Usually, the electrons always stay in the lower energy level of the atoms. Once a
visible light source shines on the atoms, a lot of electrons in the lower energy level are
excited to the upper energy level. This is called stimulated absorption which is
proportional to N and the photon flux density of the light source pfu). Meanwhile, a
few electrons in the upper level drop to the lower energy level. There are two types of
radiative decay from the upper energy level to lower energy level, spontaneous
emission and stimulated emission. The spontancous emission always occur at an
arbitrary ratc Az, without stimulation. It is inversely proportional to the spontaneous
life time. During the stimulated emission, incoming photons, whose energy value
roughly equals /v, stimulate the electrons to fall on the lower ¢nergy level and to emit
new photons with corresponding energy value. Fig. (2.5) shows the typical Two Level

System.
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N,E,

Stimulated Spontaneous Stimuloted
Absoption tmission Ermnission
Np(u)8,: NA,, : N,p()8,,

. N.E,

F.ig. 2.5 The typical diagram of the Two Level System
The mathematical relationship in the lower energy level can be established. The

rate equation of Ny is given in Eq. (2.2)

dN,

5 = NpW)By, + Ny p(0)By + Ny 4y, 2.2)
Where
N;, N, the population dens?ty of the electrons in the lower and upper energy levels
pfu}k the photon flux density
A3 the spontaneous coefficient
B12,B 2;: stimulated coefficients
At steady state, % =0

N,p()B,, = N, p(U)B,, + N, 4,,

A
(L) = % | (2.3)
“’I_Bm - le

NZ
Actually, the population density always obey Boltzman’s distribution in Eq. (2.4)

which is a typically classical statistics. A v, & and T are Planck’s constant, frequency,

Boltzman’s constant and Temperature respectively.
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A = e(EZ_E'%r _ e."”kr (2.4)

N,
Then,
%
p(v) = m 2.5)
Bll

B;; and B;; are assumed to approximately equal B in Eq (2.5). 4y is also

replaced by 4. The equation related to photon flux density is given in Eq. (2.6)

A

o) = —r— (2.6)
B(e /*T ~1)
M _ (e @.7)

N,p(v)B _

Eq. (2.7) shows that the possibility of the spontancous emission is extremely
higher than that of the stimulated emission because hw/kT is about 80 at rocom
temperature in visible region. In short, the population inversion impossibly occur in
the Two Level System by means of optical pumping [13]. Then, the net gain of such a
system is less than one. Nevertheless, the amplification supported by electrical
pumping is still valid in the Two Level System because the excitation on electrons is

based on the electrical pumping instead of the optical pumping.

2.4.2 Three Level System

Some lasers such as Ruby lasers and gas lasers were modeled by the Three Level

System in which the stimulated emission can occur. Fig. (2.6) shows the schematic
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diagram of such a system.
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Fig. 2.6 The schematic diagram of the Three Level System

The rate equations in the three Level System are shown in Eq. (2.8-2.10). Eq.

{(2.11) shows the total population density.

dN
7;' =N, p(v;)B); — N34, - N; 4, (2.8)
an,

a =Ny Ay + N, p(0) B, = N, p(0y)) By — Ny Ay, 29
dN,
R Nydy + Nydy =N p(03)B); = N p(0,) By, + Ny p(0y)8,;, (2.10)

N=N,+N, +N, (2.11)

2.4.2.1 Before lasing action

If the equation related to the rate of change of photon flux density is considered,
the analytical solution is not available. The solution of lasing action can only be

obtained after numerically integrating the rate equations. However, the analytical
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solution of the lasers before lasing action can be found. Before lasing action, the

population density in the higher energy level approximately equals zero (N, = 0).

Within initial pumping, the stimulated process can be ignored except the
stimulated absorption between the higher energy state and the ground state so that the
spontaneous emission is mainly included in the rate equations. The simpliﬁed rate
equations are shown in Eq. (2.12-2.14). The simplified total population density is

given in Eq. (2.15). The factor of population inversion, n(?), is defined in Eq. (2.16)

dN,
— =0 2,12
dt @12)
dN
dt2 =N, p(v;;)B; - N, 4, (2.13)
dN
-;;—L=N2Au - N, p(v;)8B, (2.14)
N=N+N, (2.15)
N, - N,
)= 2.16
n(f) N TN, (2.16)

Then, the n{t) can be determined after integrating Eq. (2.17). It is given in Eq.

(2.18).

d(N, -N)
dt

a(t) = m—(1+myexp{-[p(v) 8,5 + A, '} (2.18)

:ZX[NIP(UIS)BU _NZAZI] (2.17)

where

2-13



m= PLy)B,; — 4,
P(L,)By; + 4,

At =0, n(0)=-1
At =, n{w)=1

Now, n(1) can be represented in Fig. (2.7). There is an absorption region which is
below n(?)=0. The population inversion occur if n(¥) is greater than zero. Once the loss
in the laser cavity equals the gain come from the population inversion, the lasing
action occurs at the point called lasing threshold (yy,). During the lasing action, the Eq.

{2.18) is invalid.
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0 4
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Fig 2.7 The population density before the lasing action

2.4.2.2 After lasing action

Once the lasers are operated above lasing threshold, there is a high photon flux

density in the laser cavity. The interchange of energy between the photon flux and the
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gain medium cause relaxation oscillation [15]. This phenomena is actually governed

by a pair of coupled equations, which are given in Eq. (2.19) and (2.20).

dAN AN o

—=85-————ANI (2.19)
dt r  hu

ﬂ = gANCI - L (2.20)
dt T

where
AN : The population inversion, N, — N,
§: The pumping rate
I: The light intensity of laser output
7,7, : The time of spontaneous emission and photon life time in the laser cavity
o : The effective cross section area of the laser
C: A constant
There is no analytical solution. A numerical solution of these equations can be
found by a computational method. The relaxation oscillation is always a sinusoidally
decaying laser output which is superimposed on a steady state intensity. Normally, the
oscillation will be damped out after certain time which depend on the lifetime of the

lasers. Finally, the lasers reach their steady state.
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Chapter 3
Essential Elements of Multi-Wavelength Fiber Ring

Laser

3.1 Background

Equipment in the Dense Wavelength Division Multiplexing (DWDM)
transmission was widely deployed in the long haul communication systems last few
years. Current communication systems utilize 8 or 16 wavelength channels [1-2].
They can carry signals with different bit rates. Each channel is generated by a
semi-conductor diode such as a Distributed Feedback (DFB) laser. Owing to the
bandwidth demand in telecommunication networks, the number of wavelengths
launched to an optical fiber should be as many as possible in the future so as to
increase the transmission capacity of the networks. There is no denying that
manufacturing and maintaining the large number of laser diode is very costly and
inefficiently. A device, which can generate multiple wavelengths simultaneously, is
highly desirable in the telecommunication networks. This also triggers research
interests related to the operation of the Multi-Wavelength Fiber Lasers.

In this chapter, the essential components in the Multi-Wavelength Fiber Ring

Laser (MFRL) such as optical amplifiers and comb filters are bricfly introduced. In
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addition, the detailed functions of the comb filter in MFRL are studied both

theoretically and experimentally in the latter part of this chapter.

3.2 Optical Amplifiers

When the optical signals propagate along the optical fiber, they suffer from the
loss. In order to maintain the minimum Signal to Noise Ratio (SNR) required by
communication systems, repeaters should be installed between signal sources and
receivers. There are two kinds of the repeaters; Regenerators and Optical Amplifiers.

The regenerator includes an optical receiver, an electrical amplifier and an optical
transmitter. It is responsible for lots of tasks such as retiming, error recovery,
amplification, pulse reshaping and so on [2-3]. In spite of above attractive features, the
regenerator cannot be widely used in the multi-wavelength optical communication
systems because it only amplifies the optical signal with a single wavelength. Actually,
a number of regenerators have to be applied to the multi-wavelength optical
communication systems so that the amplification of multi-wavelength signals can be
carried out simultancously. This scems feasible in the systems with several
wavelengths and moderate speed. Nevertheless, the maintenance cost is significantly
high in high speed optical networks. In addition, the optical signals are converted to

the electrical signals in the regenerators first. After signal processing in the electrical
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domain, the regencrator transmits the optical signals to the optical fiber. Such
processes are time consuming. The regenerators always cause “bottleneck” problems
in the high speed optical networks.

Recently, Raman Optical Amplifier (ROA), Semi-conductor Optical Amplifier
(SOA) and Erbium Doped Fiber Amplifier (EDFA) are very hot in the optical
communication [4-5]. They can amplify the signals in the “all-optical” regime and
their performance is independent of the bit rate of the communication systems.

In this section, the amplification mechanisms and the characteristics of the SOA
and EDFA are briefly explained. Although they are all-optical amplifiers, they have

quite different properties.

3.2.1 The Amplification mechanism of the SOA

Fig. (3.1) shows the structure of the SQA. In fact, it is a laser diode with low
reflective coating. Owing to the lack of optical feedback, the laser diode cannot lase
itself but it has population inversion. The amplification mechanism of the SOA is

similar to the lasing mechanism of the laser diode [4].
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Fig. 3.1 The structure of the SOA

Once the current is injected to the SOA in which electrons gain the energy, they
are excited from the ground state to the higher energy state. When the optical signals
are introduced to the SOA through coupling devices, the stimulated emission causes
electrons to fall into the ground state and simultaneously emits photon with the same
wavelength as the incident optical signals. If no optical signal is introduced to the
SOA, the electrons will also fall from the higher energy state to the ground state and
will emit the photons spontaneously. Such a process forms Amplified Spontaneous

Emission (ASE). Fig. (3.2) shows the Two Level System to illustrate the amplification

of the SOA.
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Fig. 3.2 The Two Level System to illustrate the amplification of the SOA
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3.2.2 The Amplification mechanism of the EDFA
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Fig. 3.3 shows the configuration of the EDFA

The EDFA is very common in the optical communication. It includes an isolator,
a Wavelength Dependent Multiplexing (WDM) coupler, a 980 nm or 1480 nm optical
pump source and a few meters Erbium Doped Optical Fiber, which is shown in Fig.
(3.3). In fact, the erbium ions can be excited by lots of wavelengths such as 800 nm,
980 nm, 1480 nm and so on, but only 1480 nm lasers can provide the most efficient
optical pump. The EDFA with the 980 nm optical pump can also be found in markets
because of its amplification with low noise performance. The impacts of low noise
performance on the optical amplifier are very essential in maintaining the SNR of the
optical communication system [4-6].

The optical pump can also excite electrons in the erbium ions to the higher
energy state in the optical domain so that the population inversion occurs with low

notse level. Next, the elcctrons drop to the metastable state after 1 ps. In the

metastable state, the spontancous emission and stimulated emission occur
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simultaneously. If there is not any inputting signal to the EDFA, the electrons will
finally drop to the ground state after spontaneous life time (approximate 10 ms). This
also causes the ASE in the EDFA. In the stimulated emission, the inputting optical
signals to the EDFA triggers the electrons to drop from the metastable state to the
ground state and to emit the photons with corresponding wavelengths. However, a
little spontaneous emission still occurs. In other words, the ASE can also be found in
the spectrum. Fig. (3.4) shows the principles of the spontaneous emission and the

stimulated emission in the EDFA {5].
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Fig. 3.4 The spontaneous emission and the stimufated emission in the EDFA.
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3.2.3 Comparison between the EDFA and the SOA

The significant differences of characteristics between the EDFA and the SOA
listed in the Table (3.5) are worthy of attention [4-6]. The gain of the optical
amplifiers in their specifications is the small signal gain of the optical amplifiers
which is dependent on the pumping power of the amplifiers. The differential gain
between orthogonal polarization effects is so small in the EDFA because of a nearly
circular waveguide of the Erbium doped optical fiber whereas it is quite large in the
SOA owing to the rectangular waveguide of the SOA.

The gain and maximum saturated output power of the EDFA is higher than that
of the SOA due to the fact that the pump power of the EDFA i3 quite larger than that
of the SOA.

The noise performance and crosstalk of the SOA are also much serious than that
of the EDFA. The Noise Figure in Eq. (3.1) universally quantifies the noise
performances of the optical amplifiers [6].

Noise Figure=(SNR)i/(SNR)out (3.13
Where
(SNR);,: the SNR of the input signal of the optical amplifier

(SNR)ou: the SNR of the output signal of the optical amplifier

The electrical noise is directly introduced to the optical domain via the electrical
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pump of the SOA. This causes the poor noise level in the SOA. Due to indirect noise
injection from the optical pump of the EDFA driven by electronic circuits, the noise
level of the EDFA is typically lower than that of the SOA. Moreover, the nonlinear
effects such as Four-Wave Mixing and Cross Gain Saturation can be triggered easily
in the SOA by the signal with relatively low optical power. They cause so many
adverse effects such as crosstalk between wavelength channels on the optical

communication systems.

Features of the optical amplifiers Long-haul EDFA SOA
Gain (dB) >20 10-20
Power (dBm) >20 10
Noise Figure (dB) <5 8
Polarization Dependent Gain (dB) 0.1 1
Crosstalk Low High
The width of hote burning (nm) About 11 About 0.6

Table 3.5 The characteristics of the EDFA and the SOA

3.3 The Comb Filter Study

Recently, the Comb filters can be realized by two techniques which are based on
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interferometry and diffraction. Various kinds of comb filters such as Fabry-Perot filter
with low finesse, Mach-Zehnder filter, Sagnac loop with a Fiber Bragg Grating (FBG),
Sampling FBG, Long-Period FBG and so on are proposed for different applications
[7-10]. Basically, a comb effect can be realized by the interferometric technique

throughout the optical spectrum once the conditions of the interference are satisfied.

3.3.1 Mach-Zehnder Interferometer

In this section, the interference and the Mach-Zehnder Interferometer (MZI) are
discussed. A MZI is used together with Erbium Doped Fiber Amplifier (EDFA) in the
laser cavity to demonstrate the operation of multi-wavelength laser experimentally.

When wave trains from a coherent light source meet in space, superposition
occurs to reinforce and to cancel the wave at the points of space. This causes the
interference pattern or fringes.

In order to express the distinctness of the fringes, the quantity called visibility is
defined in Eq. (3.2).

p = Lo o (3.2)
Where
Ler Tmin: The maximum and minimum intensities of the fringes

V: The visibility of the fringes
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In order to obtain maximum visibility of the fringes in the interferometer, the

coupling ratio of the couplers should equal 0.5.
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Fig. 3.6 The basic configuration of the Mach-Zehnder interferometer

Fig. (3.6) shows a MZI configuration and its theoretical model is shown in

section 3.3.2. The interference output at ports 3 and 4 are complementary [11].

3.3.2 The theoretical model of the Mach-Zehnder interferometer

The transfer functions of the coupler and the OPD are given by

Ve o if1-k
coupler— 33
Meoot Lﬂ Jk ] G
| exp(irg/2) 0
Mop= { 0 exp(—iA¢/2)] (34
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Where

k: the ratio of power splitting of the coupler

Ag : the phase difference introduced by the OPD in the interferometer

M. the transfer functiqns

The transfer functions of the Mach-Zehnder interferometer can be obtained as follow
(8]

e Ve ik I:exp(iaWZ) 0 M JE ik
-k vk 0 exp(-iag/2) | |ii-k Vi

_ (2k —1)cos(Ag/2) +isin(Ag/ 2) i2,/k(l - k) cos(Ag/2) (.5)
i2Jk(1 - k) cos(A¢p/2) (2k - D)cos(Ag/ 2} +isin(Ag/2)|

The relationship between input ports and output ports is given by

HEA

£,

If k=0.5,

Ey| _|isin(Ag/2) icos(Ag/2) | E| 3.7)
E,| |icos(A¢/2) isin(Ag/2)] E, ‘

If E = ‘[Ecos(wt), E, =0 is given, the intensitics of output ports 3 and 4 will be

written as below.
E,-E; =1,[l-cos(ag))/2

E, E, =1]t+cos(ag)]/2 (3.8)
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Where
1;: the light intensity in the input port |
£3, Ey: the electric field in the output port 3 and 4
Different visibilities of the interference can be observed at ports 3 and 4, if the

phase difference between light beams in two arms of the interferometer is changed.
2
== 39
¢ ) (3.9
The phase of the wave is shown in the Eq. (3.9). It depends on the refractive
index of the waveguide, the length of the optical path and the wavelength of the light
source.
Ag~ AL (3.10)
A
Since there is a path difference between two optical paths, an intrinsic phase

difference can be found in Eq. (3.10). This induces the interference in the MZI once

the coherence length of the light source is larger than the OPD.

d¢  2m
KoL
di A
2ml
Ag = yE AA (3.11)

The phase difference can also be varied by the wavelength of the light source in
the MZL in the Eq. (3.11). The sinusoidal change of the intensity in the output ports
can be observed by linearly changing the phase difference. If the broadband light

source is used in the MZI, the comb effect will be observed in the optical spectrum.
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Eq. (3.12) shows the overall effect on phase difference by varying the OPD and the

wavelength of the light source.

o¢ o¢
aL " oz (,1)( 7D

2;mL

Ap~ (F (3.12)

3.4 Experiment

In this section, a dual band multi-wavelength erbium-doped fiber laser source
formed by cascading two Mach-Zehnder interferometers of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>