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Abstract

The demand for the ultrahigh-speed -and -ultralarge-capacity optical fiber
transmission systems is becoming larger andlarger in recent years. Therefore, a stable
optical short pulse source with high repletion rate, high SMSR, and high output power
pulse train plays as an important role. As mentioned above, they can be achieved by
active harmonic mode-locked erbium-doped fiber lasers.

In this study, a 40GHz active harmonic mode-locked erbium-doped fiber laser is
demonstrated. The fiber cavity consists of all polarization maintain fiber. The
pulsewidth 7.81ps and 3.31ps respectively operated at 20GHz and 40GHz was
obtained. The average output power is about 1ImW and the super-mode suppression
ratio (SMSR) is above 50dB. In the simulation section, the simulation results are all
close to the experimental results. Active mode-locked fiber ring lasers can be

successfully simulated by using VPI.



13

' 2

BEAR i A B - MR Eenthe o i R A R R WL E o

FEOFEGE PO E RN R LA Sy

PEo kT RE S G KPS RAFYIF IR F Rt R AAF Y

A B AN A g 0 RN AR % R E T e 3 -
B ALY 0 R ST E D A e AR R AT )

ek MR BHAAYEL HPEFL AT RODHE B

BoRETFIERSS M FCELS S S E Y2 e KR EPFEL 2
BEAFRIEAELEER S s RS RN ET a2 2 F 5% o a9

HPFTE BRI AR Ow ARG RN RN LBFEE A A H e
ERPNA o FRBF IR OB AL L2 EPB LB L P hER
CF FEAEE BN o BT ERE A - A R B R Bt

T AR BA DT HREFE] c R# e I RDEF S PR

|

i~ B GIRAREIN - B ARBHRAGDD I G RPR AR ";,9111 2
FrdDeopps ERHFEFIRFTOZLIEND LFHRERFLF 20
frogt b L FARF S Ak A E - BE 0 &R B x5
Foaew - B AERE DR R RS
SRR WY PR AR BRSNS A S IR P
Bl [ A BT ’rw?ej N B R o
2004.6.9 < b3



Contents
Acknowledgements
Chinese abstract
English abstract
Contents
List of Figures

List of Tables

CHAPTER 1 Introduction

1.1 The history of fiber lasers:. . ... e e e
1.2 The motivation oOf research..... ...t e e it

1.3 The structure of the thesis. o i oo i

CHAPTER 2 The Theory of Mode-Locked Laser

2.1 Theory of mode-locked 1aSers..........c.viviii i e e
2.2 Active mode-1ocked 1aSers. .........ovini i
2.2.1 Amplitude modulation mode-locking.............cccooveiinninn..
2.2.2 Phase modulation mode-10CKing..........c.oouveiii i
2.2.3 Harmonic mode-1oCKing.........ccooveiii i
2.2.4 Rational harmonic mode-locking............cocoovviiiiiiiiiinnnn.
2.3 Stabilization of mode-locked l1asers...........c..ccviiiiiiii i,
2.3.1 Regenerative mode-10CKiNg..........ccvvvii i

2.3.2 Phase-locked 100p (PLL).....coviiiiiii e

14

14

.16

18

20

21

.21

.23



CHAPTER 3 Experimental Setup and Results

3.1 Introduction of the eXPerimeNt. .. ......c.viiiie it e e 25
3.2 Setup of the experiment (Operating at 2GHz and 10GHz).........................29
3.2.1 Operating at 2GHzZ........o i 30
3.2.2 Operating at 1I0GHZ..........oiiiiii e, 35
3.3 Setup of the experiment (Operating at 10GHz, 20GHz and 40GHz).............. 38
3.3.1 Operating at LI0GHZ.........ccoiiiiiii e e, 39
3.3.2 Operating at 20GHZ.........oi i 42
3.3.3 Operating at 40GHzZ..........coiiiiii 45
CHAPTER 4 Simulations
4.1 Introduction OF VPIL... ... o e i i e e 48
4.2 SIMUIBTIONS. .. et o e e e d et e e the et e e e e et ettt e e e et e e ee 52

4.3 Experimental Simulation... o ... oot e
4.3.1 Simulation results of 2GHzZ...........cccoiii i,
4.3.2 Simulation results of 10GHZ..........c.coiiiiiiii i
4.3.3 Simulation results of 20GHZ............cooiiiii i

4.3.4 Simulation results of 40GHZ.........ooo oo,

CHAPTER 5 Conclusions & Discussions

5.1 Summary of achieved results. ...

5.2 Future research and IMProvemMeNt.............ovvs it e ea

R IO CES . ..o e

.56

.58

.59

.62

.63



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 2.9

Figure 2.10

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

List of Figures

initial state of optical field in laser cavity

(a) the electric field of individual frequency o,,®,,,,®,,, and they

g+l *g+

have fixed relation of the phase. (b) total electric field (c) total optical
field.

the distribution of electric field (left hand side) of once (a), two (b), three
round trip times (c) of the cavity and its optical spectrum (right hand
side)

Illustration of the mode-locked pulse train as M=4

Principle of active mode-locking explained in the time domain [24]
Principle of actively mode-locking explained in the frequency domain
Time domain of phase modulation

Development of pulse train.in time domain by superposition of modes
Experimental setup for the harmonically and regeneneratively
mode-locked erbium-doped fiber laser [30].

Mode-locked Erbium-doped fiber ring laser and stabilization scheme
(Dashed line), where “PC” is polarization controller and “SID” is step
index fiber [7]

The experimental setup, where “PC” is polarization controller.

(a) Operating current versus output power of the pumping laser
(b) Optical spectrum of pumping laser diode operated at 200mA

Gain profile of PM-EDF pumped by different pumping power

3dB bandwidth of optical tunable filter (center wavelength at 1550nm)

The experimental setup with 10GHz JDSU amplitude modulator



Figure 3.6 (a) output of laser operated at 2GHz without polarization controller.
(b) output of laser operated at 10GHz without polarization controller.

Figure 3.7 The waveform operated at 2GHz is measured by Agilent 86105A in
different time window spans.

Figure 3.8 Optical spectrum

Figure 3.9 RF spectrum (a) span: 20MHz, SMSR: 58dB (b) span: 500MHz, SMSR:
55 dB

Figure 3.10 The pulsewidth is changed by using the polarization controller.
Pulsewidth (a) 82 ps (b) 66ps (c) 56ps (d) 39ps.

Figure 3.11 The waveform operated at 10GHz is measured by Agilent 86116A in
different time window spans.

Figure 3.12 Optical spectrum

Figure 3.13 The waveform measured by autocorrelator (The solid line is Gaussian
fitting curve)

Figure 3.14 RF spectrum (a) span: 20MHz, SMSR: 52dB (b) span: 100MHz, SMSR:
53dB

Figure 3.15 The experimental setup

Figure 3.16 The waveform operated at 10GHz is measured by Agilent 86116A in
different time window spans.

Figure 3.17 Optical spectrum

Figure 3.18 The waveform measured by autocorrelator (The solid line is Gaussian
fitting curve)

Figure 3.19 RF spectrum, span: 100MHz, SMSR: 53 dB

Figure 3.20 The waveform operated at 20GHz is measured by Agilent 86116A in
different time window spans.

Figure 3.21 The 20GHz pulse train measured by autocorrelator (The solid line is

iv



Gaussian fitting curve)

Figure 3.22 The waveform measured by autocorrelator (The solid line is Gaussian
fitting curve)

Figure 3.23 Optical spectrum

Figure 3.24 RF spectrum, span: 50MHz, SMSR: 56 dB

Figure 3.25 The waveform operated at 40GHzHz is measured by Agilent 86116A in
different time window spans.

Figure 3.26 The 40GHz pulse train measured by autocorrelator

Figure 3.27 The waveform measured by autocorrelator (The solid line is Gaussian
fitting curve)

Figure 3.28 Because of some perturbations, the phase between the modes is not
locked and eventuallyinstability occurs.

Figure 3.29 Optical spectrum

Figure 4.1 Bidirectional simulation.algorithm. Stepl and 2 are repeated to build up
a waveform [31].

Figure 4.2 Passing data unidirectionally simplifies calculations and slows data to be
processed efficiently in blocks [31].

Figure 4.3 Considerations when developing a model [31]

Figure 4.4 The experiment structure [30].

Figure 4.5 (a) optical spectrum (b) Changes in pulsewidth and output power against
pumping power [30]

Figure 4.6 Waveform of simulating output pulse train without dispersion shift fiber
(Full Width Half Maximum (FWHM): 7.15ps)

Figure 4.7 Waveform of simulating output pulse train with dispersion shift fiber
(FWHM: 3.02ps)

Figure 4.8 Optical spectrum of 3.02ps pulsewidth

\Y



Figure 4.9 The simulation structure of VPI

Figure 4.10 Waveform of AML-EFRL operated at 2GHz. (FWHM: 47.03ps)

Figure 4.11 Optical spectrum; the simulation result is shown in the left figure and the
right one is the experimental result.

Figure 4.12 Waveform of AML-EFRL operated at 10GHz. (FWHM: 20.55ps)

Figure 4.13 Optical spectrum; the simulation result is shown in the left figure and the
right one is the experimental result.

Figure 4.14 Waveform of AML-EFRL operated at 10GHz without OTF. (FWHM:
10.02ps)

Figure 4.15 Optical spectrum without OTF; the simulation result is shown in the left
figure and the right one is the experimental result.

Figure 4.16 Waveform of AML-EFRL operated:at 20GHz without OTF. (FWHM:
7.75ps)

Figure 4.17 Optical spectrum without-OTF;-the simulation result is shown in the left
figure and the right one is:the experimental result.

Figure 4.18 Waveform of AML-EFRL operated at 40GHz without OTF. (FWHM:
4.40 ps)

Figure 4.19 Optical Spectrum without OTF; the simulation result is shown in the left
figure and the right one is the experimental result.

Figure 5.1 AML-EDFL and stabilizing scheme (dashed line); where “DBM” is

double balance mixer and “LP filter” is low pass circuit.

Vi



List of Tables

Table 3.1 The specification of devices used in the fiber ring cavity

Table 3.2 Parameters of the mode-locked laser operated at 2GHz repetition rate
Table 3.3 Parameters of the mode-locked laser operated at 10GHz repetition rate
Table 3.4 Parameters of the mode-locked laser operated at 10GHz repetition rate
Table 3.5 Parameters of the mode-locked laser operated at 20GHz repetition rate
Table 3.6 Parameters of the mode-locked laser operated at 40GHz repetition rate
Table 4.1 Comparison between simulation and-experimental result.

Table 4.2 (a) The detailed characteristic of:components using in VPI simulation [32]
Table 4.2 (b) The detailed characteristic 0f components using in VPI simulation [32]
Table 4.3 Comparing the results‘of simulation with that of experiment.

Table 4.4 Comparing the results of simulation with that of experiment.

Table 4.5 Comparing the results of simulation with that of experiment.

Table 4.6 Comparing the results of simulation with that of experiment.

Table 4.7 Comparing the results of simulation with that of experiment.

vii



CHAPTER 1

Introduction

1.1 The history of fiber lasers

In early 1930, there have been some scientists purposed to use fiber as a medium
of transmission waveguide of the light. However, in that age, the manufacture of
purification of glass and technology of semiconductor was not developed as well as
what we see today. Besides, there was no reliable light source, and the insertion loss
of fiber was very large. The loss of transmission was above 1000dB per kilometer
before. Therefore, it didn’t not adapt to fiber optical communication system. Until
1960, Maiman, an America scientist, demonstrated a ruby laser and the first laser was
born in the world. In 1962~ Hall and Nathan' etc la, they invented a GaAs
semiconductor laser. It improved thesidea-of-transmission of using fiber as a medium
of the waveguide. In 1966, Gao-Kun;-a scientist of non-Chinese citizen of Chinese
origin, proposed this idea. The great contributions of these people open the door of the

studies of the fiber optical communication system.

A fiber amplifier can be converted into a laser by placing it inside a cavity
designed to provide optical feedback. Such lasers are called fiber lasers. Many kinds
of rare-earth ions, such as erbium (Er), neodymium (Nd), and ytterbium (Yb), can be
used to make fiber lasers capable of operating over a wide range of wavelength
extending from 0.4 to 4um. The first fiber laser, demonstrated in 1961, was based on
an Nd-doped fiber with 300um core diameter, but it had high insertion loss [1]. In
1973, low-loss silica fibers were used to build diode-pumped fiber lasers and soon

after such fibers became available [2].



However, it was not until the late 1980s that fiber lasers began to attract a lot of
interests in research. The initial main emphases of the research were on Nd- and
Er-doped fiber lasers. Nd-doped fiber lasers are of considerable practical interest since
they can be pumped by GaAs semiconductor lasers operating near 0.8 um. On the
other hand, Er-doped fiber lasers can operate in several wavelength regions, ranging
from visible to far infrared. The wavelength of 1.55m regions has attracted the
most attention because it coincides with the low-loss region of silica fibers for optical

communication applications.

The performance of Erbium-doped fiber lasers (EDFLSs) improves considerably
while they are pumped at the 980.0r 1480nm wavelength, because of the absence of
the excited-state absorption. The 980nm pump wavelength yields higher gains than a
1480nm pump at high powers. Thisicomes-from the fact that 980nm has achieved a
higher inversion than 1480nm. But-the.amplified spontaneous emission (ASE) starts
growing as the pump power is increased; the higher inversion created at the beginning
of the fiber by the 980 pump creates a better seed for the forward ASE than that
created by the 1480nm pump [3]. In public, there are three kinds of pumping
mechanism: forward pumping, backward pumping, and bidirectional pumping.
Furthermore the wavelength of pumping power and pumping mechanisms are decided

by the applications and demands of the EDFLs.

As early as 1989, a 980nm-pumped EDFL exhibited a slope efficiency of 58%
against the absorbed pump power [4]. They also exhibited good performances when
pumped at 1480nm. The choices between the pumping wavelength 980 and 1480nm

and structures are not always clear since each pumping way has its own merits.
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In a 1989 experiment on active mode-locking, 4ps pulses were generated by
using a ring cavity which included 2km of standard fibers with large anomalous GVD
[5]. In 1992, a fiber laser provided 3.5 to 10ps pulses with a transform-limited
time-bandwidth product of 0.32 at the repetition rate up to 20GHz [6]. The laser was
used in a system experiment to demonstrate such a laser source which can be used in
soliton communication systems at the bit rate up to 8Gb/s. In the same year, a
stabilization scheme for a mode-locked erbium fiber laser which relies on locking the
pulse phase with that of the drive source was reported [7]. In 1993, a EDFL produced
6ps pulses at the repetition rate up to 40GHz and with the output wavelength tunable
over a wide range of 40 to 50nm [8]. In 1999, the technique of regenerative mode
locking with phase-locked loop (PLL) produced a 40GHz pulse train with tuning
range from 1530 to 1560nm and pulsewidth as short as 0.9ps by using a soliton effect
in the fiber cavity [9]. It was.also demonstrated for ultrahigh-speed optical
communication in the time [Time:=Division—multiplexing (TDM)] and frequency
domains [Wavelength-Division multiplexing. (WDM)]. Using the dispersion-managed
soliton technique and soliton effect, the 1 Th/s (40Gb/s x 25 channels) WDM soliton
transmission and ultrahigh speed optical TDM transmission which exceeds 1Tbh/s was
achieved [10]. Related to the theory of active mode-locked lasers, more details will be

discussed in chapter2.

Passive mode locking is an all-optical nonlinear technique capable of producing
ultra-short optical pulse, without requiring any active component, such as a modulator,
inside the laser cavity. Saturable absorbers have been used for passive mode locking
since early 1970s. It is the sole method available for use until the invention of the
additive-pulse mode locking techniques emerged. Additive-pulse mode-locking was

first demonstrated in a soliton laser by Mollenauer and Stolen (1984) [11]. Subsequent
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research showed that this method can be applied to non-soliton systems as well [12].
In 1992, the technique of nonlinear polarization rotation was first used in order to
build passive mode-locked fiber lasers [13] and it was quickly demonstrated that
stable and self-starting pulse trains of subpicosecond pulses at a 42MHz repetition
rate can be generated by using this technique [14]. Moreover, ultra-short pulses less
than 100fs at a repetition rate of 48MHz were obtained in a ring cavity configuration

in which the net dispersion was positive [15].

As short as femtosecond pulses and stable ultrahigh-speed pulse train can be
available respectively from the passive mode-locked fiber laser and the active
mode-locked fiber laser. With these advantages and different characteristic, nowadays,
fiber lasers have been widely used in several.different areas especially for the

ultrahigh-speed fiber optical communication and nonlinear optics experiments.



1.2 The motivation of research

Fiber optical transmission using a short optical pulse train is a fundamental
technology in order to achieve a high-speed and long-distance global network. For
ultra-high speed fiber optical communication, the characteristic of ideal transmission
source is demanded to be stable (low amplitude jitter), widely tunable wavelength,
transform limited, low timing jitter, adjustable pulsewidth, and high extinction ratio.
Therefore, a mode-locked erbium-doped fiber lasers (ML-EDFLS) source with high
repetition rate and short pulse width is good selection for ultrahigh-speed
communication system. Besides, these ML-EDFLs can produce higher output power
and lower insertion loss in all fiber system.

Comparing with semiconductor lasers, because of the serious chirp problem of
semiconductor lasers [16], mode-locked EDFLSs ean easily generate transform-limited
pulse trains at an ultrahigh speed repetition rate more than 10GHz. On the contrary,
although semiconductor lasers can also produce. very high repetition rate pulse trains,
the pulse quality is typically worse and_small* output power. For 1550nm center
wavelength, the maximum output power of semiconductor laser is about 10dBm much
smaller than that of the fiber laser about 23dBm. Moreover, by using the feedback
control of phase-locked loop technique, the long stability mode-locked EDFLs
produced 40GHz pulse trains with ultra-short pulsewidth and wavelength tuning range

from 1530 to 1560nm was successfully achieved [9].

Although passively mode-locked erbium-doped fiber lasers easily produce the
femtosecond pulses needed for multigigabit communication systems, such lasers only
could be operated at only a few gigabit repetition rate (<10GHz) and suffered from
timing and pulse dropout or multiple pulse instabilities. Hybrid actively and passively

mode-locked lasers do not possess timing problems but may still suffer from multiple
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pulse production or dropout [17]. Using rational harmonics mode-locking technique
can enable the use of longer cavities and slower components to generate pulses at
higher bit rate, but different pulses will experience different losses in the modulator.
This may lead to large amplitude fluctuations between consecutive pulses in the pulse
train. The lasers utilized only active harmonic mode-locked generate one pulse in
every timing window at ultra-high repetition rate, but its’ pulsewidth is typically
wider than passively mode-locking and hybrid mode-locking. However, it can be
overcome by using additional structure such as nonlinear pulse compressing to narrow
it. Therefore, one of the best choices of transmission source for ultra-high speed fiber

optical communication is active mode-locked erbium-doped fiber laser.

In this study, we fabricate an actively mode-locked erbium-doped fiber laser
with clean pulse, high output power, short optical pulsewidth, high repetition rate, and
high SMSR. Besides, the time-bandwidth-product of the laser is close to
transform-limited. In the part of+simulation, the experimental structure is also

simulated by using the VPI.



1.3 The structure of the thesis

This thesis is consisted of four chapters. Chapter 1 is an introduction of history
of fiber lasers and our motivation for demonstrating this research. In chapter 2, it will
describe the theory of mode-locked fiber lasers including the active mode-locking and
some methods about how to stabilize ML-EDFLs. In chapter 3, it presents
experimental setup and results. Analyses of the results are also included. In chapter 4,
by using VPI, the simulation results of our ML-EDFL structure are shown. It will be
also compared with the results of the experiment in chapter3. Finally, in chapter 5, we
make a brief conclusion and discuss results that we have successfully achieved. Some

possible improvements on the laser configuration are also proposed.



CHAPTER 2

The Theory of Mode-Locked Lasers

2.1 Theory of mode-locked lasers

Two techniques used for generating short optical pulses from lasers are known
as Q-switching and mode locking. Mode locking means that the phases of
longitudinal modes in the laser cavity have fixed relation. In order to explain it, at first,
we can assume that every optical field in the laser cavity has irregular intensity and
different resonance frequencies as shown in figure 2.1. It means that the laser is not a

single mode laser. [18]

Mirror Mirror

Figure 2.1 initial state of optical field in laser cavity

However, when the laser starts to become stable, there are only some modes can
exist in the cavity. The output of the laser consists of these modes. These modes
which can exist in the cavity are dependent on the cavity length. We could express it

as following equation,

Aw=aw,,, ~o, =2_|_—7T=7ZT'C (2.1.1)

where L is cavity length. Analyzing in time domain, we assume that there are three



frequencies w,,,,,,®,,, can exist in the laser cavity and they have the same

amplitude. The interval between any two of these frequencies isAw. The electron

field can be expressed as
&(t) = Re[Elej(”“”m + Ezej(wqﬂth) + Esej(wq+2t+¢3)] 2.1.2)

The output of electric field is the function of time. The intensity can be written

as following

1(t) =|e()|" =E2 + EZ + E2 + 2E,E, cos[(@, — @)t + ¢, — ;]
+ 2E,E, cos[(@w; — )t + ¢, — 4] (2.1.3)
+2E,E; cos[(w; — w,)t + ¢, — 9, ]

If

where ¢,4,,4, are the relatively phase of these three frequencies o,,®,,,,®

g+l *¥q+2

these phases are the function of time.and theit interval are not fixed, the ratio of beat

frequency of these three frequencies will phange in time.

t=0 t=T
. .

L7
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Figure 2.2 (a) the electric field of individual frequency «,,®,,;,®,,, and they have

fixed relation of the phase. (b) total electric field (c) total optical field.
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However, if the electric field of these three frequencies all have their maximum
values at T=0 and fixed phases; we can get a periodic peak power at the output as
shown in figure 2.2. The mediate figure is expressed as total electric field. The peak
of the total electric field is triple times value of the single electric field. Therefore, we
can extrapolate that the maximum intensity of total optical field is nine times value of

the single optical field. Then, the pulse trains occur.

Analyzing in frequency domain, the distribution of electric field of one round
trip time is shown as figure 2.3 (a). The range of the distribution of electric field is
only in 0 <t < T, where T is round trip time and &(t) is zero at other times. Using the
Fourier transformation, it can be transformed to frequency distribution, E(w) as

shown in figure 2.3 (a) at the right-hand side. Where £(t) is the pulse signal which

consists of sine waves in the cavity.and its pulsewidth. 7, <<T .

(a) one period: signal £(t) Optical spectrum E(w)
y ///
-|— | 2m/T ¢l g g+ s
(b) two period: signal =@(t) Optical spectrum E® (w)

[l I
1 27/T gl g g+l

(c) three period: signal =®(t) Optical spectrum E® (w)

9

Figure 2.3 the distribution of electric field (left hand side) of once (a), two (b), three

round trip times (c) of the cavity and its optical spectrum (right hand side)
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In this example, we can take a notice that ., carrier frequency, is unnecessary
to equal to the longitudinal modes e, inside the cavity. The @ (t) of two round

trip time is twice reiteration of the same signal £(t) of one round trip time. We could
write it ase® (t)=e(t) + e(r —T), where T is a delay time in time domain. After

Fourier transformation, &(z —T) is expressed asexp(—jTw) x E(w), such that
E@(w) = %[1+ e ]x E(w) = E(w) cos(Tw/ 2)exp(- jTw/ 2) (2.1.4)
The distribution of intensity in frequency domain could be written as
12 (@) =[E® (@) :%[1+ cosTw]x 1 (@) = | (@) cos? (Ta/ 2) (2.1.5)

Equation (2.1.5) can be illustrated as figure 2.3 (b) at the right hand side. After
more than twice of the round trip times, only frequency which is also one of the
longitudinal modes of the cavity can exist in this cavity as shown in figure 2.3 (a)-(c)

and the others which cannot be allowed to exist will'become zero.

Fiber lasers typically operate simultaneously in a large number of longitudinal
modes falling within the gain bandwidth. Therefore, the total optical field can be

written as

M

E(t)= Y E,exp(ig, —io,t) (2.1.6)

m=-M

where E_, 4., and @, are amplitude, phase, and frequency of a specific mode
among 2M+1 modes. If all modes operate independently of each other with no
definite phase relationship among them, the interference terms in the total intensity
|E(t)|* averages out to zero. This is the situation of multimode CW fiber laser [19].
Active mode locking occurs when phases of various longitudinal modes are

synchronized such that the phase difference between any two neighboring modes is

locked to a constant value ¢ such that ¢ m-¢@m-1=¢, as we explain previously. Such
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a phase relation implies that ¢ ,=m¢+¢o which means that they have fixed phase
relation. The mode frequency o, can be written as wm=We+2MTTAWV. If we use
these relations in equation (2.1.6) and assume for simplicity that all modes in the
cavity have the same amplitude Eo, we can express it analytically. The total intensity

IS given as

Sin’[(2M +DrAvt+¢/2] _

[EMF= sinf(avt+g12)

(2.1.7)

It is a periodic function of time with period T,=1/A\», which is just the round trip

time inside the cavity. ¢ is the phase difference between any two neighborhood
modes. The simulation of the total intensity |E(t)|* is shown in figure 2.4 for nine

coupled modes (M=4).

B'U T T T T T T T T T

80 [ “
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25 -2 -1.5 -1 -0.5 ] 05 1 145 2 25
Mormalized Time

Figure 2.4 Illustration of the mode-locked pulse train as M=4
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Typically, mode-locked laser could be distinguished into active mode-locked
laser and passive mode-locked laser. The generation of femtosecond short pulses
could be easily made by passive mode—locked laser using nonlinear effect in the
cavity. There are many kinds of passive mode-locking which can be used, such as
mode-locking with slow or fast saturation absorber [20], additive pulse mode-locking
(APM) [21], nonlinear polarization rotation mode-locking (P-APM) [22], and Kerr

lens mode-locking (KLM) [23] etc la.

Active mode locking could be achieved through directly modulation of the
intensity or phase of light by using the active components, such as Electro-Optical
modulator and acoustic-optical modulator. It will be discussed more details in
following section 2.2. Beside,.:to overcome. the influence of thermal and
environmental perturbation becomes more and mare important for a short pulse and
high repetition rate fiber laser -used:for-optical communication system. In order to
increase the bit error rate (BER), ‘it is.necessary to decrease the timing jitter and
amplitude jitter of fiber laser, especially operating at ultra-high repetition rate.
Therefore, we will discuss how to stabilize the active mode-locked fiber laser in

section 2.3.
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2.2 Active mode-locked lasers
2.2.1Amplitude modulation mode-locking

Amplitude modulation mode-locking is a method to produce a short pulse train
and high repetition rate by directly modulating the optical amplitude of the light. It
can be analyzed both in the time and frequency domains [24].In the time domain, the
amplitude modulation provides a time dependent loss so that only the pulses which
pass through the modulator at the lowest loss will exist. As the pulses pass through the
modulator continually, the pulsewidth will get shorter and shorter. However, shorter
pulses will experience larger dispersion and finally the two forces balance each other
to form the steady state pulse shape. In this way, the modulation time period must be
equal to a multiple of the roundtrip time for producing stable pulses. Figure 2.5 shows

the active mode-locking process in‘the time domain.

1 Intensity

2
).

net
gain

Figure 2.5 Principle of active mode-locking explained in the time domain [24]

In frequency domain, we can assume that the center frequency of signal gain
profile is \g, and the amplitude of the central mode without amplitude modulation is

expressed as &(t) = E,cos(m,t) . The transform function of the active amplitude

modulator, which controls the loss of light in the cavity, can be written as
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f. =exp[-A,(1-cosm,t)] =exp[-1A, @ t?], where @, =2af, =22NAf and f

is modulation frequency, such as the signal after modulation can be expressed as
following,
E(t)=(1+A, cosm,t)E, cosm,t

A A
=E,cosot + E, 7”‘cos(a)0 + o, t+E, Tmcos(a)0 —o )t (2.2.1)
A A
=E,cosat +E, 7”‘cos 2n(v, + f L+ E, 7”‘cos 2(vy— f )t
where A, is modulation index. It is clear from this equation that the center

frequency v, induces two side modes with fixed phase relationship (v, £ f,,) while
it experiences modulation of active modulator. Similarly, after these two side modes
which are made by center frequency v, go through the active amplitude modulator,
there will also increase other new! 'side ‘modes (v,+t2f ) with fixed phase
relationship. These sidebands can' injection=lock. the. neighboring modes sequentially

and finally the mode-locking is:achieved.(See figure 2.6)

The modes that are separated every f_ will be phase-locked, and short pulses
can be formed in the time domain. When N equals to 1, the laser is mode locked at the
fundamental repetition rate. When N is an integer greater than 1, the laser is harmonic

mode locked. We will discuss it detailed in the following section. (See section 2.2.3)

Mode-locked frequency behavior
Sideband coupling

» W

Figure 2.6 Principle of actively mode-locking explained in the frequency domain
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2.2.2 Phase modulation mode-locking

Phase modulation mode-locking is a method to produce a short pulse train by
modulating the optical phase. It can also be analyzed both in the time and the
frequency domains [25].

In the time domain, the phase modulator provides a periodic phase change for the
optical pulse. If the pulsewidth is much smaller than the modulation period, the

change of the optical phase produced by the phase modulator can be expressed as:

dg. d’s,
t)=¢, +—1t+ " +.. 2.2.2
$(t) = ¢, prale (2.2.2)
where ¢, is a constant phase, and the influence of ¢, on optical pulse can be
dg

neglected . The first order term m will influence the central frequency of the pulses

and shifting magnitude of influencesdepends on'its value. Therefore, if ?j—ft #0, the

central frequency of optical pulse.will be changed.-In another word, the pulse will

experience smaller gain and center frequency-will still be changed, if %t is still not

equal to zero. This is unstable and will‘not'lase. Only the pulses which pass through
dg

the PM modulator and experience maximum gain is at Et =0, and its every round

trip is able to be stable. Then, it will lase. (See figure 2.7)

0.5

Figure 2.7 Time domain of phase modulation

16



d’¢

As regarding the second order termdt—zt2 =nt?, it adds a chirp to the pulse.

Also, it will affect the optical bandwidth of the pulses. The effect can be expressed in

mathematics by:

Ao = J%Jﬂyrz (2.2.3)
T

d2¢

dt?

where Aw is the bandwidth of optical pulse, 7 is the pulsewidth, and 7 = is

the chirp parameter.

0 Tx 2Ty

Figure 2.8 Development of pulse train in time domain by superposition of modes

In the frequency domain, we can assume that the central frequency isv,. When

it passes through the phase modulator, the electric field of the pulse can be written as:

E(t) = E, cos(2zv,t + A, cos(24f 1))
=Ey > J,(A,)cos(27v, +n2Af )t (2.2.4)

where f_is the modulating frequency of phase modulator, A is the modulation
index, and J, is the n-th order Bessel function. If v, is one of the harmonic modes

in the laser cavity and f_ is N times magnitude of the fundamental harmonic
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frequency of the cavity, these harmonic modes (v, + Kf) will have the fixed phase
relation with the v,, where K=x1, +2, +3, | etc la. Therefore, all these harmonic
modes will have fixed phase relation. In time domain, these harmonic modes will
create constructive interference at periodic time and destructive interference at other

times by injection-locking. (See figure 2.8)

2.2.3 Harmonic mode-locking

A continuous wave erbium ring laser can be actively mode-locked by using an

amplitude or phase modulator to generate pulses at the modulation frequency f

fn =1 (2.2.5)
C

fo=—" 2.2.6

¢ = ol (2.2.6)

where f_is the cavity mode-spacing frequency, c'is the speed of light, L is the cavity

length and n is the refractive index of the cavity. Fhese pulses have a round trip time
of t,, whichisrelated to f_ and the pulse width T as following,

oL

==

(2.2.7)
This is known as fundamental mode-locking, and it produces pulses at repetition rate
equal to f. .

The cavity mode-spacing frequency of a typical laser cavity is of the order of

0.5~6MHz. To increase the pulse repetition rate, pulses could be produced at integer

harmonics of the cavity mode-spacing by modulating at a frequency f_, given by
f, =Pf, (2.2.8)

where P is an integer representing the number of longitudinal modes locked, and

ranges from a few hundred to tens of thousand. This is known as harmonic mode
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locking, these longitudinal modes with equal interval Pf, is called as supermodes,

and its new round trip time shows as following,

a1

t,
c P

(2.2.9)

In 1970s, the KS (Kuizenga and Siegman [26]) theory predicted that with
amplitude mode-locking the time bandwidth product is 0.441 for a chirp-free

Gaussian pulse and 0.315 for a Sech? pulse. Furthermore, it states that the pulsewidth

< is inversely proportional to (5)"* and (f,, -Af,,)"*, so that

1 1
BN
reK |1 -(lj“ (2.2.10)
faf,) (6

where & is the effective single-pass amplitude modulation depth, Af,, is the 3dB
gain band width of the laser cavity and K is a pulse shape-dependent constant. It is
clear from this equation that with.increasing modulation frequency and increasing
modulation amplitude, the optical pulsewidth-will be-narrowed.

However, though we can usethis.way: t0. promote higher repetition rates, the
drawback of harmonic mode-locking is not stable for a long time. We will discuss it
later.

Actually, the smallest pulsewidth and chirp of the pulses can be estimated by
using the time-bandwidth product of transform limited. For chirp free Gaussian sharp,
time bandwidth product is 0.441. For Sech? sharp, time bandwidth product is 0.315.
We can use this transform-limited to appraise our laser. However, the exact estimate is

not possible since the cavity dispersion is not considered in equation (2.2.10).
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2.2.4 Rational harmonic mode-locking

Using mode-locked fiber ring laser to generate pulses at very high repetition
rates requires a small cavity path length and high-speed modulators and signal
generators, because of long cavity length. An alternative solution is using a rational
mode-locking technique to generate pulses at rational harmonics of the fundamental
locking frequency, thus enabling the use of longer cavities and slower components to
generate pulses at higher bit rate [27].

Ahmed and Onodera [28] introduced the idea of mode-locking a laser cavity at
rational harmonics of the modulator frequency in order to generate pulses at a
repetition rate higher than the modulator frequency. This is achieved by slightly
detuning the cavity frequency f. so that it is now related to the modulator frequency

f_ expressed as following equation (2.2.11),

m

f, =(p i%j f, (2.2.11)
where Kk is the rational number which-can-have.values range from 1 to no more than

20. This leads to a pulse repetition rate of f ;5 given by
f,=(kpxl)-f, (2.2.12)

Therefore, rationally mode-lock ring lasers generate optical pulses at a repetition rate
whichis k times value of the modulation frequency.

Rational mode-locking of erbium-doped fiber lasers at repetition rate of up to
200GHz have been reported [29], using values of k as high as 15. Actually, when
k 3, problems arise because different pulses experience different losses in the
modulator. This may lead to large amplitude fluctuations between consecutive pulses
in the pulse train. These fluctuations greatly increase the error rate and are not

tolerable in optical communication systems.
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2.3 Stabilization of mode-locked laser

A stable optical short pulse source with a high repetition rate is very important
to ultrahigh speed optical communication. The active mode-locking of erbium-doped
fiber lasers is one of the most attractively potential ways of achieving this, because it
can produce a transform-limited, picosecond pulse train with ultrahigh repetition.
However, problems arise with fiber lasers due to their susceptibility to mechanical
vibrations and temperature variations affecting the length of the fiber cavities. The
resulting instability and the difficulty of tuning the repetition frequency have been the
major barriers to the application in communications where minor perturbations can
cause intolerable bit errors, especially operating at ultra-high speed repetition rate.
Therefore, the additional scheme of stability of mode-locked fiber laser becomes

necessary.

2.3.1 Regenerative mode-locking

The cavity length in an actively mode-loeked fiber laser is typically much longer
than that of other mode-locked lasers. When a small perturbation is applied to the
cavity, the absolute frequency compared with that in ordinary lasers will change. This
means that it is difficult to maintain the optimum operational conditions over a long
period, although it is possible to generate clean short pulses in a short period.

Also, this problem can be overcome with a regenerative mode-locking technique
[30]. The regeneratively mode-locked fiber laser has long term stability since the
modulation frequency is extracted from the mode-locked pulse itself. The structure is
shown as figure 2.9. Regenerative mode-locking is accomplished by feeding back the
longitudinal self-beat signal which is detected by a high speed photodetector and a
high Q filter. Because the phase between the pulse and the modulation signal is

adjusted, the pulses will always experience maximum transmission when they pass
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through the modulator. Thus, complete mode-locking is achieved automatically
because the ideal feedback signal, which reflects the instantaneous frequency change
between the longitudinal beats, is used as the modulation frequency even when some

perturbation are applied.

1480 nm LD

( WDWcoupler PM-EDF N
[ Optical
tunable filter PM-DSE
intensity
modulator coupler
=
isolator
coupler
AMP
output

phase clock
controller extraction
circuit
Figure 2.9 Experimental setup for the harmonically and regeneratively

mode-locked erbium-doped fiber laser [30].

Actually, regenerative mode-locking has several similarities to passive
mode-locking. Lasing is initiated by the noise through the use of artificial loss
modulation, and the technique automatically adjusts the modulation frequency as the
cavity length changes. However, the technique has one drawback in that the repetition
rate fluctuates with time in a free running condition when the optical path length in
the cavity is not stable. Therefore, it is necessary to have another mechanism to
stabilize the repetition rate of the regeneratively mode-locked fiber laser at the fixed

frequency, such as phase-locked loop.
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2.3.2 Phase-locked loop (PLL)

In 1992, for active mode-locked fiber laser, the stabilization mechanism used
relied on locking the electrical phase of output optical pulse to that of the drive source
have been demonstrated [7]. To stabilize the laser, they developed the phase-locking
circuit shown within the dashed line. (See figure 2.10)

A length of erbium-doped fiber wound on a piezoelectric crystal (PZT). It works
as voltage control oscillator (VCO). A fraction of the laser output is detected by a
photodiode, amplified and filtered with a narrow bandwidth filter to generate a
sinusoidal signal. The frequency mixer work as a phase detector which compares the
phase of the pulse train and that of the drive source (synthesizer). The error signals
will occur from the mixer while there are influences affecting the fiber cavity with
time. Simultaneously, the displacement of the PZT which was controlled by error
signals feedback adjusts the length.of the fiber cavity to compensate the perturbation

of the fiber cavitv caused bv mechanical-vibrations or temperature variations.

HVampIifier ::Illlllllllllllllllllll
- — 1]
i : ~ mixer
Synthesizer :
i : “delay
Viodulator line
band pass T
filter f_.}h
i

isolator

PIN

O/P

Figure 2.10 Mode-locked Erbium-doped fiber ring laser and stabilization scheme

(Dashed line), where “PC” is polarization controller and “SID” is step index fiber [7]
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In this paper, once the output pulse is locked in this way, it is possible to tune
the synthesizer by +5~6 KHz with a very little change in either pulsewidth or
bandwidth. Actually, this tuning range corresponds to the change of the fiber length
wound on PZT, which is also limited by the amplifier output voltage range. Besides,
the speed of the phase-locking circuit is limited by the response of the high voltage
amplifier. As a result, only thermal drifts and vibrations of a few hundreds of Hertz
can be effectively suppressed. However, it is enough to overcome the influence of

generally environmental perturbation to the fiber laser.

Recently, in order to stabilize mode-locked fiber laser with ultra-high speed
repetition rate used for communications, phase=locking technology is publicly used. It

is also utilized in regeneratively:mode-locked fiber laser to stabilize its repetition rate

[9].
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CHAPTER 3

Experimental Setup and Results

3.1 Introduction of the experiment

The basic experimental setup is shown as figure 3.1. This fiber laser consisted
of a polarization-maintaining erbium-doped fiber (PM-EDF), a WDM coupler, a 10 %
coupler, a polarization-maintaining (PM) isolator, a LiNbOs3 intensity modulator, and
a tunable optical bandpass filter. The electro-optical (EO) intensity modulator is put
into the fiber ring cavity in order to achieve active mode-locking. As shown in the
figure 3.1, the method of forward pumping was utilized in this experimental setup,
and about 100mW of 980nm pumping laser diode was available in the experiment.
Operating current versus outputpower of the pumping diode is shown as figure 3.2(a).
Figure 3.2(b) is shown the optical spectium-of,the pumping laser diode operating at
200mA. It was pumping into the cavity through the flex core fiber of WDM coupler.

The gain profile of the PM-EDF is shown as figure 3.3. The higher repetition
rate of mode-locked fiber laser was operated, the more serious of polarization
fluctuation it suffered. Therefore, most of fibers in the cavity were
polarization-maintaining fiber in order to prevent polarization fluctuation. Besides, in
active mode-locked laser, RF signal which drives the modulator is generated by a
stable synthesizer at a fixed frequency in order to obtain the phase matching between
the modes.

The polarization-maintaining isolator, which is also polarization dependent, is
inserted in the cavity to ensure the optical pulses propagating in unidirectional
operation. Besides, it is placed between the optical tunable filter and PM-EDF in

order to minimize the reflecting light from the optical tunable filter to the PM-EDF.

25



The wavelength tuning range of the band pass filter is from 1530nm to 1570nm, and
its bandwidth is about 0.582nm as shown in the figure 3.4. It was measured by using
broad-band white LED. Most of connections between devices in the cavity are
connected by FC/APC connectors. Alternatively, some are using SUMIOFCAS
35SE-RC fusion splicer to splice these polarization-maintaining fibers.

About the EO modulator, we use one modulator to operate at 2GHz and
10GHz, and another modulator is utilized to operate at 10GHz, 20GHz, and 40GHz.
More detail will be reported latter. Because of using different modulators operated at
different modulation frequencies, it will be separated from two parts to analyze. At the
first part of the experiment, we use the 12.5GHz JDSU modulator to operate at 2GHz
and 10GHz. At the second part of the experiment, we use the 40GHz EO-SPACE
modulator to operate at 10GHz, 20GHz, and 40GHz. The specifications of devices

used in the fiber ring cavity are disted in table 3.1.

@LD

WD—coupIer PM-EDF
IL PM
isolator

\

o000
3
AY

Optical
Tunable
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EO modulator
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coupler
AMP
50% output

synthesizer
Figure 3.1 The experimental setup, where “PC” is polarization controller.
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Al | 1549.726nm | A2 | 1550.308nm | L1 | -73.40dBm |
11| -61.43dBm | 12 | -61.44dBm | L2 | -73.40dBm |
SPEC Pk: 1550.030nm -58.21dBn AVG:4 RES:0.02nm N:1001  HORHAL
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Figure 3.4 3dB bandwidth of the optical tunable filter (center wavelength at 1550nm)

component specification

980nm pumping laser Max power :180mW  (JDSU 2700 series)

PMinput - SM output
JDSU Amplitude Modulator Insertiondoss: 5.5 dB
(operating at 2GHz and 10GHz) | %/ . 5.5V

EOspace Intensity modulator PMiinput - PM output

(operating at I0GHz 20GHz and Insertion loss : 3.0 dB
V.:52V @ 1GHz

40GHz)
Fiber length : 18m
) Attenuation : 2.50 dB/m @ 980nm
PM Erbium doped fiber 1.82 dB/m @ 1550nm
Insertion loss 2 dB @ 980nm (flex core)
PM WDM coupler (980/1550) 1 dB @ 1550nm (Panda)

PM Coupler Output Split ratio  90/10
Insertion loss  0.75dB

PM Isolator Isolation 55 dB @1550nm

Return loss 60 dB

Polarization Controller (PC) Agilent 8169A

Bandwidth : 0.582nm @1550nm

Optical Tunable Bandpass Filter Tuning range : 1530nm ~ 1570nm

Table 3.1 The specifications of devices used in the fiber ring cavity
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3.2 Setup of the experiment (Operating at 2GHz and 10GHz)

The setup is shown as figure 3.5. The 12.5GHz JDSU amplitude modulator is
utilized to operate the mode-locked erbium-doped fiber laser (ML-EDFL) at 2GHz
and 10GHz. The fibers in the cavity are all polarization-maintaining fibers except for
the output of the modulator (the dash line in the figure 3.5). A length of the signal
mode fiber (SMF) in the cavity is about 1 m. Because most of the fibers in the cavity
are PM fiber, the stability of the output pulse train is sensitive to that of the
polarization state in the laser cavity. Therefore, any fluctuations in this unavoidable

signal mode fiber will cause serious instability of the laser output pulse.

980 nm LD -——-SMF
— PMF

( WD—coupIer PM-EDF
l PM

isolator

@ PC H Optical

! Tunable
I ;
I 10Gb/s JDSU Filter
I Amplitude modulator
\ coupler
S—4 AM

10%

coupler
AMP

500  Output

. synthesizer . .
Figure 3.5 The experimental setup with 10GHz JDSU amplitude modulator

Besides, the power will also become unstable with time as shown in the figure
3.6. Its’ supermode suppression ratio (SMSR) is smaller than 30dB. In order to solve
this problem, a polarization controller (PC) is placed after this length of the single

mode fiber. This digital polarization controller is Agilent 8169A. Agilent 8169A
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consists of a polarizer, a half-wave plate, and a quarter-wave plate. The polarization
state of signals pass through it can be described by the position of Poincare sphere.

Therefore, after consecutive pulses propagate through this section, 8169A can be

utilized to compensate the change of polarization state caused by SMF.
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(a) (b)

Figure 3.6 (a) output of laser operated at 2GHz without polarization controller.

(b) output of laset operated.at 10GHz without polarization controller.

3.2.1 Operating at 2GHz

The cavity length is ab(;ut 39m aﬁd 1ts’ ‘fundamental repetition rate is about
5.12MHz. With the digital polarizatioﬁ controller, the state of polarization of pulses
through SMF is compensated. The output of the pulse train is very stable and clean as
shown in the figure 3.7. It is measured by Agilent 86105A in different time window
spans. The optical channel unfiltered bandwidth of 86105A is 15GHz, and transition
time is 32ps (FWHM). The output pulsewidth of the laser is about 52ps, and the
optical spectral bandwidth is about 0.066nm which is shown in figure 3.8. The
time-bandwidth product is 0.429, which means that the output pulses are
transform-limited and the waveform is like sech® shape more than Gaussian shape.
With 80mW pumping power, the average output power of the laser is about 0.19mW

and peak power is about 1.5mW. The RF spectrum is shown in figure 3.9, and the

supermode suppression ratio (SMSR) is above 55dB. The span of left figure is
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20MHz, and another is S00MHz. The parameters of the mode-locked laser operated at

2GHz repetition rate are listed in Table 3.2.

Input parameters

980nm pump: 80 mW
cavity length: 39m

mode spacing: 5.12 MHz
repetition rate: 2 GHz (about 400th harmonic)
modulation strength 17 dBm
Results

central frequency: 1550.12 nm
SMSR: >55dB
output average power: 0.19 mW
output peak power: 1.5 mW
optical spectrum bandwidth: | 0.066 nm
Pulse width (FWHM): 52 psial’
time-bandwidth product: 0.429 |

Table 3.2 Parameters of the mode-locked Taser opérated at 2GHz repetition rate
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Figure 3.7 The waveform operated at 2GHz is measured by Agilent 86105A in

different time window spans.
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Figure 3.9 RF spectrum (@) span: 20MHz, SMSR: 58dB
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It is worth to mention that the pulsewidth of laser can be adjusted by using the
polarization controller to change the state of the polarization in the cavity. The
pulsewidth can be controlled from 82ps to 39ps, which is shown in figure 3.10
measured in the same scale. Actually, according to equation (2.2.10), the pulsewidth is
unconcerned with pumping power. However, if the pulse is forming soliton ( sech’
shape), the situation will become different. Thus, the pulsewidth is changed while
various pumping power [30]. It will be discussed detailed in following section 4.2.

Here, the mechanism was achieved by using the polarization dependent
isolation and polarization dependent gain effect in the cavity. It made those different
states of polarization experience different gain and loss. Besides, it is well known that
the cavity which consists of all polarization-maintaining fibers is much more sensitive
to the polarization state than that'consists of all.single mode fibers. After passing
through the polarization-maintaining EDFE, small: core area, the state of the
polarization which gets higher gain and lower-loss will cause higher nonlinear effect.
This nonlinear effect can shorten the pulsewidth in the ring cavity. In contrast, the
state of the polarization which gets lower gain and higher loss will not cause nonlinear
effect. Pulse shortening will not occur.

Some above-mentioned considerations are supported by reference [30].
Moreover, the experimental time-bandwidth product, 0.426, is smaller than the
transform-limited for Gaussian shape, which means that the waveform is like sech’
shape more than Gaussian shape. It can be proved by measuring the average power of
different pulsewidths. The shorter pulsewidth was measured higher average power.
The wider pulsewidth was measured lower average power. In the same way, it was
also proven by increasing the pumping power. As the pumping power was increased,
the pulsewidth was shortening. But, the adjustable range in this way is not as large as

using the polarization controller.
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Unfortunately, although the pulsewidth can be controlled by the polarization
controller, the most stable polarization state for the cavity is only linear polarization
which is on the slow axis of the fiber. Other states of the polarization are all unstable
to the cavity, and their pulsewidth were changing with time. Here, the most stable
pulsewidth is about 52ps and it can maintain this form above 40 minutes.

Using the optical band pass filter, the wavelength was tunable from 1530 to
1570nm. The most stable pulsewidth is about 50ps. Because of the smaller gain of
EDF and higher fiber loss at these side wavelengths, the average power and peak
power were smaller than that at 1550nm pumped by the same pump power. Therefore,
although the pulsewidth were also adjustable by using polarization controller at these

wavelengths, the tuning range is smaller than that operated at 1550nm.
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Figure 3.10 The pulsewidth is changed by using the polarization controller.

Pulsewidth (a) 82 ps (b) 66ps (c) 56ps (d) 39ps.
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3.2.2 Operating at 10GHz

Operating at 10GHz, most of parameters of the mode-locked laser are the
same as that operated at 2GHz repetition rate. Unfortunately, as operating at higher
repetition rate, the problem, such as the polarization fluctuations and timing jitter,
induced by the fluctuations, for example something like the change of the fiber cavity
length induced by thermal, will become more serious than operated at lower repetition
rate. As the length changed, it makes the operating modulation frequency not at the
n-th harmonic modes of the fundamental repetition rate of the cavity. The laser output
will become unstable and blurred. As the experiment showing later, the phenomenon
will become more obvious while it is operated at 40 GHz repetition rate. Therefore,
the repetition rate operated at 10 GHz was not as stable as operated at 2GHz,
especially a length of unavoidable signal modefiber in the cavity.

As figure 3.11 shown, it 1s measured by Agilent 86116A in different time
window spans. The optical channel unfiltered bandwidth of 86116A is 5S0GHz, and
transition time is 9.0ps (FWHM). The output pulsewidth of the laser is about 22ps,
and the optical spectral bandwidth is about 0.167nm shown in figure 3.12. Figure 3.13
shows the waveform measured by autocorrelator. The solid line is Gaussian fitting
curve and pulsewidth is measured about 18ps. The time-bandwidth product is 0.459,
which means that the output pulses are also approaching transform-limited for
Gaussian shape even the repetition rate operated at 10GHz. By using 100mW
pumping power, the average output power of the laser is about 0.26mW and peak
power is about 1.16mW. The RF spectrum is shown in figure 3.14. The span of the
left figure is 20MHz, and another is 100MHz. Using the polarization controller, if the
state of polarization was adjusted properly, the supermode suppression ratio (SMSR)
can be above 52dB. The parameters of the mode-locked laser operated at 10GHz

repetition rate are listed in Table 3.3.
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Input parameters

980nm pump: 100 mW
cavity length: 39m
mode spacing: 5.12 MHz
repetition rate: 10 GHz (about 2000th harmonic)
modulation strength 17 dBm
Results

central frequency: 1550 nm
SMSR: >52dB
output average power: 0.26 mW
output peak power: 1.16 mW
optical spectrum bandwidth: | 0.167 nm
Pulse width (FWHM): 22 ps
time-bandwidth product: 0.459

Table 3.3 Parameters of the mode-locked laser operated at 10GHz repetition rate
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Figure 3.11 The waveform operated at 10GHz is measured by Agilent 86116A in

different time window spans.
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3.3 Setup of the experiment (operating at 10GHz, 20GHz and 40GHz)
Figure 3.15 shows the experimental setup. The EOSPECE 40GHz modulator

was utilized to operating from 10GHz to 40GHz repetition rate in this structure.
Fortunately, there are all polarization maintaining (PM) fibers in the cavity and the
total length of the laser cavity is shorter than previous structure. Therefore, the outside
influences to the stabilization of the laser were not as serious as before. The output of
all PM fibers structure even without the polarization controller is still conspicuously
stable. Because there is no unavoidable effect on the polarization state of cavity, for
example a length of SMF, a polarization controller is not necessary anymore.
Unfortunately, the optical tunable filter which was used previously made the
polarization state unstable in all PM fiber cavity so that the output pulse train became
blurred and unstable while the optical filter was put into the cavity. Besides, the filter
also limits the spectral bandwidth of the-pulse..It means that the pulsewidth is also
relatively limited by the filter bandwidth.“The 3dB bandwidth of our filter is 0.582nm

at 1550nm. Therefore, it is not useéd here.

980 nm LD
All PM-fiber in the cavity

é Wm.coupler PM-EDF )

PM
isolator

[

40Gb/s EOspace
intensity modulator

AM

coupler

AMP

5004 Output

synthesizer

Figure 3.15 The experimental setup
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3.3.1 Operating at 10GHz

The total cavity length is about 32m and its’ fundamental repetition rate is
about 6.25MHz. Comparing with previous laser using JDSU modulator operated at
10GHz, this active mode-locked fiber laser with all PM fiber is much more stable and
has shorter pulsewidth as shown in figure 3.16. It is measured by Agilent 86116A in
different time window spans. By using the Agilent precision time base 86107A, the
time base linearity error is smaller than 100 femto-seconds. The measuring pulsewidth
of the laser is about 13ps and the optical spectral bandwidth is about 0.375nm shown
in figure 3.17. Figure 3.18 shows the waveform measured by autocorrelator. The solid
line is Gaussian fitting curve and pulsewidth is measured about 11.07ps. The
time-bandwidth product is small than 0.51. With 100mW pumping power, the average
output power of the laser is about 0,93mW and-peak power is about 5.7mW. The RF
spectrum is shown in figure 3.19 and the span of the spectrum is 100MHz. The
supermode suppression ratio {SMSR).1is about 53.6dB. The parameters of the

mode-locked laser at 10GHz repetition rate are listed in Table 3.4.

Input parameters

980nm pump: 100 mW

cavity length: 32m

mode spacing: 6.25 MHz

repetition rate: 10 GHz (about 1600th harmonic)
modulation strength 17.5dBm

Results

central frequency: 1563 nm

SMSR: 53dB

output average power: 0.93 mW

output peak power: 5.7 mW

optical spectrum bandwidth: | 0.375 nm

Pulse width (FWHM): 11.07 ps (measured by autocorrelator)
time-bandwidth product: 0.51

Table 3.4 Parameters of the mode-locked laser operated at 10GHz repetition rate
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3.3.2 Operating at 20GHz

Operating at 20GHz repetition rate, most of parameters of the mode-locked
laser are as same as that operated at 10GHz repetition rate at the subsection 3.3.1.
Figure 3.20 shows the laser output waveform measured by Aglient 86116A. In figures,
these obviously little ripples are because of the limited bandwidth of the sampling
oscilloscope (86116A). It can be proven by using the autocorrelator to measure it
which is shown in figure 3.21.

Figure 3.22 shows the waveform measured by autocorrelator. The solid line is
Gaussian fitting curve and pulsewidth is about 7.81ps. The optical channel unfiltered
bandwidth of 86116A is 50 GHz, and transition time is 9.0ps (FWHM). Therefore,
this pulsewidth have exceeded the minimum pulsewidth which can be measured by
Agilent 86116A. This phenomenon will be more obviously while measuring the
pulsewidth as short as 40GHz pulse train. Although the bandwidth of the instrument is
not enough to display and measure the feal-waveform and pulsewidth, the information
of the out pulse is clean or blurred still can'be clearly displayed by the sampling

oscilloscope.

The optical spectral bandwidth of the output pulse is about 0.48nm shown in
figure 3.23. The time-bandwidth product is about 0.461, which means that the output
pulses of the fiber laser operated at 20GHz repetition rate are still approaching
transform-limited for Gaussian shape. By using 100mW pumping power, the average
output power of the laser is about 0.9mW and peak power is about 3.5mW. The RF
spectrum is shown in figure 3.24 and the span is SOMHz. The supermode suppression
ratio (SMSR) is still above 50dB. The parameters of the mode-locked laser operated

at 20GHz repetition rate are listed in Table 3.5.
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Input parameters

980nm pump: 100 mW

cavity length: 32m

mode spacing: 6.25 MHz

repetition rate: 20 GHz (about 3200th harmonic)
modulation strength 15.5dBm

Results

central frequency: 1563 nm

SMSR: 56 dB

output average power: 0.9 mW

output peak power: 5.7 mW

optical spectrum bandwidth: | 0.48 nm

Pulse width (FWHM): 7.81 ps (measured by autocorrelator)
time-bandwidth product: 0.461

Table 3.5 Parameters of the mode-locked laser operated at 20GHz repetition rate
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Figure 3.20 The waveform operated at 20GHz is measured by Agilent 86116A in

different time window spans.
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20GHz pulsewidth measured by autocorrelator
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Figure 3.22 The waveform measured by autocorrelator (The solid line is Gaussian

fitting curve)
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3.3.3 Operating at 40GHz

The response of RF amplifier operated at 40GHz is not as good as operating at
10GHz or 20GHz. Although the modulation strength is only about 10dBm, 40GHz
mode-locked fiber laser have been successfully achieved here. Figure 3.25 shows the
waveform measured by Agilent 86116A. According to equation (2.2.10), it is known
that the pulsewidth will become narrower while the laser operated at higher repetition
rate. The pulsewidth of the laser operated at 40GHz is about 3.31ps measured by
autocorrelator as shown in figure 3.26. Even if the bandwidth of sampling
oscilloscope of Agilent 86116A is not larger enough to display the real information of
the waveform and pulsewidth, the information that the pulse is clean can still be
obtained from figure 3.26. By using the autocorrelator, the figure 3.27 shows the real
pulse train of the laser. But, unfortunately, operating at as high as 40GHz repetition
rate, while a small perturbation such as a mechanical'vibration or thermal expansion is
applied to the cavity, the absolute frequency compared with that in ordinary lasers will
change. It means that if the matching between the eavity mode separation frequencies
from the synthesizer is lost, the phase between the modes is not locked and eventually
instability occurs as shown in the figure 3.28. In reality, it is difficult to maintain the
optimum operational conditions over a long time, though it is possible to generate
clean short pulses in a short time.

The optical spectral bandwidth of the output pulses is about 1.2nm shown in
figure 3.29. The time-bandwidth product is about 0.488, which means that the output
pulses also approaches transform-limited for Gaussian shape even the repetition rate
operated at 40GHz. With 110mW pumping power, the average output power of the
laser is about 1.0mW and peak power is about 3.5mW. At the steady state, depending
on the experience, above 50dB SMSR is still available here. The parameters of the

mode-locked laser operated at 40GHz repetition rate are listed in Table 3.6.
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Input parameters

980nm pump: 110 mW
cavity length: 32m
mode spacing: 6.25 MHz

repetition rate:

40 GHz (about 6400th harmonic)

modulation strength

10 dBm

Results

central frequency: 1562 nm
output average power: 1.0 mW
output peak power: 3.5 mW
optical spectrum bandwidth: | 1.2 nm

Pulse width (FWHM):

3.308 ps (measured by autocorrelator)

time-bandwidth product:

0.488

Table 3.6 Parameters of the mode-locked laser operated at 40GHz repetition rate
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40GHz pulsewidth measured by autocorrelator
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Figure 3.27 The waveform measured by autocorrelator (The solid line is Gaussian

fitting curve)
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Figure 3.28 Because of some perturbations, the phase between the modes is not
locked and eventually instability occurs.
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CHAPTER 4

Simulations

4.1 Introduction of VPI

Simulation of photonic systems has become a necessity due to the complex
interactions within and between components. However, simulation does have some
intrinsic disadvantages over laboratory prototypes: an ultra high speed system
prototype will always be able to generate information at a greater rate than the fastest
computer. On the other hand, simulation has advantages, for one, parameters can be
set and adjusted with far more certainty than in reality, and measurement errors can be
eliminated by removing reflections; unknown losses, and even noise in some cases.
Any design process using novel components.should-include laboratory prototypes, at
least until the simulation is verified for-these-components.

Otherwise, component interactions are:complex, and can be highly nonlinear
in nature. For this reason alone, computer simulation has become an essential part of
the design process of optical fiber system. VPI includes the ability to capture the
physics of components’ behavior in numerical models in such a way that the effects of
interactions of components can be predicted, for almost any topology.

The simulation tools of VVPI is graphical user interfaces (GUIs). GUI became a
necessity as simulation tasks moved outside the boundaries of a single device. This is
because the topology of the “photonic circuit” becomes as important as the
components themselves. A GUI enables complex topologies to be assembled quickly
and with visual error checking. Moreover, GUIs have also been used extensively for
device simulation, where two- and three-dimensional problems are naturally

candidates for graphical entry.
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This simulation tools are used for many layers of telecommunications network
design, from demand forecasting, service provisioning, and transport network
optimization, through equipment, component and device design, to the details of
material design.

By using the VPI, to simulate the rapid bidirectional interactions between
components, data was passed between the component models sample-by-sample. It is
called “Sample Mode”. As shown in figure 4.1, there is a two-stage iteration process:
first, all models are run to calculate their internal states, such as optical fields; second,
data is exchanged between adjacent modules to be used to build up the waveform at

the output of the circuit. Thus, all components have to be active throughout the

Time

simulation.
(1) Run all models Laser Grating
N Output Field
(2) Pass data bidirectionally J_ i J. g
on all links, Laser Grating | K |
one sample per iteration I
L

Figure 4.1 Bidirectional simulation algorithms. Stepl and 2 are repeated to build up a
waveform [31].

In “Black Mode”, it is operated by passing blocks of data in a “forward”
direction. As shown in figure 4.2, first, the signal source (usually the data generator or
transmitter) is run first; this generates a block of data representing a signal waveform
or its spectrum; second, the block of data is then passed to the next module, such as
the fiber; third, the next module is then run to proves the data and so on, until the

receiver or instrumentation is reached.
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(1) Run First Model (e.g. transmitter) )
TX Fiber
2) Pass data forward, as a block
@) . . ) TX ____ Fiber
representing a section of time )
3) Run Next Model (e.qg. fiber
@ (g ) TX Fiber

Figure 4.2 Passing data unidirectional simplifies calculations and slows data to be

processed efficiently in blocks [31].

VPI allows models of devices, components, and subsystems to be chosen and
wired together. The scheduler of a simulator sets the execution order of the modules
to ensure each module has appropriate input data before execution. They set photonic
simulators apart in their libraries of phatonic'compeonents, into which a great deal of
design and implementation effort is put.

Besides, a model of a component in a simulator contains a large amount of
intellectual property. During its development, many details have to be considered and
techniques developed. This is illustrated in figure 4.3. First, a decision to create a
model has to be made based on a thorough knowledge of current and likely simulation
tasks and component developments. The model parameters then have to be decided
upon and defined unambiguously with due consideration to the level of abstraction of
the model. The physics of the device then has to be considered before appropriate
numerical algorithms are developed. The algorithms must solve the problem
efficiently and consider all types of signals that are to be processed. The complete
specification of the model must then be implemented and tested, including real-word
comparisons. Topical application examples are then developed to help users

understand and apply the models most efficiently. The module and its applications
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must be thoroughly documented, and training examples developed. Finally, a database
of support questions and answers will evolve, and this can be used to define future

developments to the model.

Parameter
Definitions

Knowledge of

Field & Current Physics of

Challenges Operation
Support Numerical
And Training Algorithms

Documentation _
Computational

) Efficiency
Topical
Applications Software
Examples Testing and Implementation
Comparison with
Real world

Figure 4.3 Considerations when developing a model [31]

VPI is very mighty simulation tool. This introduction cannot include the
details of the physical understanding and numerical techniques. More details can be

available from reference book [31].

In order to ensuring the accuracy of the simulation, the simulation whose
experiment has been reported in national journal was simulated first in the next
subsection 4.2. In section 4.3, the experimental setup in chapter 3 was simulated and
simulation results were compared with the experimental results, such as pulsewidth,

optical spectrum, and time-bandwidth product.
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4.2 Simulations

In this subsection, in order to make sure that the simulation is correct, it must
be confirmed by comparing with acknowledged experimental results. Figure 4.4
shows the experimental structure of harmonic mode-locked fiber laser and it has been
reported in Electronics Letters in 1994 [30]. The authors reported the operation of a
harmonically and regeneratively mode-locked fiber ring laser at 1550nm. By
incorporating a soliton narrowing effect in the cavity, pulse train with a 2.7~5ps

pulsewidth was obtained at a 10GHz repetition rate.

1480 nm LD

[ Wmcoupler PM-EDF )

1 Optical
tunable filter PM-DSF

intensity
modulator

coupler

<1
isolator

AMP
output
phase clock
controller extraction
circuit

Figure 4.4 The experiment structure [30].

The laser has a unidirectional ring cavity constructed with a 15m polarization
maintaining erbium-doped fiber (PM-EDF), a WDM coupler for pumping the
erbium-doped fiber (EDF) with 1480nm laser diodes, about 200m polarization
maintaining dispersion shifted fiber (PM-DSF 3.4ps/km/nm) for soliton compression,
a 15% output coupler, a polarization-dependent isolator, an LiNbO3; modulator, and an

optical filter with bandwidth of 2.5nm.
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Without the PM-DSF, the output pulsewidth was 7.0ps and it can be shortened
to as short as 2.7ps through the use of the soliton effect by using PM-DSF for
dispersion management in the cavity. The optical spectral is shown in figure 4.5 (a).
The spectral bandwidth for a 2.7ps output pulsewidth is 1.0nm, resulting in a
time-bandwidth product of 0.34. The changes in pulsewidth and output power with
and without the soliton effect are shown in figure 4.5 (b) against pumping power.
Without the soliton effect, the PM-DSF is not installed in the cavity, the output
pulsewidth was 7ps. No change in the pulsewidth was observed when the pump power
was varied, while the output power increased linearly. Comparatively, when the
soliton effect using PM-DSF is incorporated, the output pulsewidth is shortened with

increasing in the pumping power.
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Figure 4.5 (a) optical spectrum (b) Changes in pulsewidth and output power against

pumping power [30]

In this work, if the simulation model is required to come closer to reality, the
parameters and the data flow of simulation will become more complex and larger.
Beside, in order to get accurate results, thousands of iteration is necessary for laser
model using the VPI. Thus, it took a lot of time, maybe few days. Therefore, the

representative results are selected to represent here. By using VPI, the simulation
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structure is the same with figure 4.4. Without PM-DSF, the pulsewidth of the
simulation is about 7.15ps. The waveform is shown in figure 4.6. With PM-DSF, the
pulsewidth is as short as 3.02ps shown in figure 4.7. The optical spectrum of 3.02ps
pulsewidth is shown in figure 4.8 and the bandwidth is about 0.89nm. The

time-bandwidth product is 0.335. The comparison with the experiment results is listed

in Table 4.1.
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Figure 4.6 Waveform of simulating output pulse train without dispersion shift fiber

(Full Width Half Maximum (FWHM): 7.15ps)
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Figure 4.7 Waveform of simulating output pulse train with dispersion shift fiber

(FWHM: 3.02ps)
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Figure 4.8 Optical spectrum of 3.02ps pulsewidth

Simulation results experiment
Pulsewidth (w/o DSF) 7.15 ps 7.00 ps
Pulsewidth (with DSF) 3.02 ps 2.70 ~ 5.00 ps
Af - At (with DSF) 0.335 0.340

Table 4.1 Comparison between simulation and experimental result.

Consequently, comparing simulation-results with experimental results which

have been reported in national paper, the simulation is very close to experiment.

Therefore, by using VPI, the simulation of active mode-locked erbium-doped fiber

laser and its result is reliable here. In the next section, our experimental structure in

chapter 3 will be simulated and compared with the real results.
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4.3 Experimental simulation

The simulation setup is shown in figure 4.9. The continue wavelength laser,
which is displayed as “LaserCW”, is just used to define the simulation frequency
range through WDM coupler. Its power is negligible. Forward pumping was utilized
here through the WDM coupler pumping into cavity and the pumping power is about
50mW. One of advantages of simulations is that the considerations of environment
perturbations, such as a mechanical vibration or thermal expansion, do not take place
here. The detail of the simulation component is listed in table 4.2 [32]. All the
simulation components are setting polarization-maintaining. Our cavity is made up of
“AmpEDFA”, “Attenuator”, “FilterGaussBP”, “FiberNLS”, and “ModulatorMZ” etc
la. The bandwidth of optical filter is 72.5 GHz (~0.582nm). After through the module
of fiber, “Fork” plays as a coupler and separates.the data flow. The Mach-Zehnder
modulator was driven by “FuncSineB’* which plays as a RF synthesizer in reality.
After passing through the “Fork”; output-pulse-train of simulating active mode-locked
fiber laser and the results of pulsewidth were measured by “ViScope”. The optical

spectrum was displayed by “ViOSA”.
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Figure 4.9 The simulation structure of VPI
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Component name

Characteristic

Laser CW

(continuous wavelength laser)

Generates a continuous wave (cw) optical signal of a
DFB laser

This module represents a signal-pump multiplexer for
a forward-pumped doped fiber amplifier. The signal

WDM_coupler
—ootp and pump multiplexing losses can be controlled

individually.
This module simulates an erbium-doped fiber
amplifier (EDFA) subsystem. The EDFA subsystem

AmpEDFA .

) . includes forward and backward pump sources, and

(erbium doped fiber) ) ) .

optional pump reflecting and polarization
filters.( rate- and propagation equation model)

Attenuator Optical Attenuator

FilterGaussBP
(optical tunable filter)

The module simulates an optical filter with a
Gaussian-shaped band-pass transfer characteristic.
The filter is dispersion less.

FiberNLS
(fiber)

Nonlinear Dispersive Fiber (NLS), model solves the
non-lingarsSehroedinger equation. This model takes
into account: stimulated Raman scattering (SRS),
four-wave mixing (FWM), self-phase modulation
(SPM), cross-phase modulation (XPM), first order
group-velocity  ‘dispersion (GVD), second order
GVD, and attenuation of the fiber.

Fork
(coupler)

Divides data into two identical paths. Often required
for correct scheduling.

ChopSignalOpt

The module accepts multiple blocks and outputs one
block per n input blocks. It can be used to discard
data such as transients occurring during the search for
a steady-state solution.

ViOSA

(Optical Spectrum Analyzer)

This module is an optical spectrum analyzer (OSA),
however it has much better performance than a
grating-based optical spectrum analyzer as its
resolution is far superior (equal to the inverse of the
global parameter “TimeWindow”). The resolution
can be reduced to mimic grating-based optical
spectrum analyzers.

Table 4.2 (a) The detailed characteristic of components using in VPI simulation [32]
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Component name Characteristic

ViScope This module displays electrical and optical signal
(Sampling Oscilloscope) waveforms (in the time domain).

FuncSineB This module generates an electrical sine waveform
(Synthesizer) superimposed on a constant bias.

This module simulates a Mach-Zehnder modulator
and can take into account a frequency chirp
resulting from the modulator asymmetry. The
module is designed for ease of use, rather than
flexibility.

ModulatorMzZ
(intensity modulator)

Table 4.2 (b) The detailed characteristic of components using in VPI simulation [32]

4.3.1 Simulation results of 2GHz

By using VPI to simulate 2GHz active mode-locked erbium-doped fiber ring
laser (AML-EFRL), figure 4.10 shows ithe: waveform of the output pulse train. The
pulsewidth is about 47.03ps. In order to;make the simulation more close to the reality,
the resolution of optical spectrum analyzer in simulation was set 0.01nm which is the
same as the used real one. The optical spectrum of simulation result is shown as figure
4.11, and the right one is the expéerimental result of 2GHz AML-EFRL. The
bandwidth is about 0.076nm and time-bandwidth product is 0.447. Table 4.3

compares the results of simulation with the experiment.

Fower [myY] 2GHz pulsewidth
24
25
5b
15k 47.03 ps
1k
0sr
-0 T I T
219747 51976 51977 31977
Tirne [us]

Figure 4.10 Waveform of AML-EFRL operated at 2GHz. (FWHM: 47.03ps)
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Fower [dBm] 2GHz Optical spectrum
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Figure 4.11 Optical spectrum; the simulation result is shown in the left figure and the
right one is the experimental result.

Simulation Experiment result
Pulsewidth (ps) 47.03 52.00
Bandwidth (nm) 0:0/76 0.066
Time bandwidth product 0.447 0.429

Table 4.3 Comparing the results of simulation with that of experiment.

4.3.2 Simulation results of 10GHz

Here, two experimental results, cavity with and without optical tunable band
pass filter (OTF), are compared. With the “FilterGaussBP”, OTF, the structure of the
simulation is the same as that operated at 2GHz before. Figure 4.12 shows the
waveform of the output pulse train. The pulsewidth is about 20.55ps. The resolution
of optical spectrum analyzer in simulation was set 0.01nm. The optical spectrum of
simulation result is shown as figure 4.12, and the right one is the experimental result
of 10GHz AML-EFRL. The bandwidth is about 0.174nm and time-bandwidth product

is 0.447. Table 4.4 compares the results of simulation with the experiment.
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Fower [myY] 10GHz pulsewidth
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Figure 4.12 Waveform of AML-EFRL operated at 10GHz. (FWHM: 20.55ps)

Fower [dBm] 10GHz Optical Spectrum with OTF
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Figure 4.13 Optical spectrum; the simulation result is shown in the left figure and the

right one is the experimental result.

Simulation Experiment result
Pulsewidth (ps) 20.55 22.04
Bandwidth (nm) 0.174 0.167
Time bandwidth product 0.447 0.459

Table 4.4 Comparing the results of simulation with that of experiment.

Taking away OTF from the cavity, this structure of simulation is the same as the

experiment of subsection 3.3. Without OTF, the waveform of the output pulse train is

shown in figure 4.14. The pulsewidth is about 10.02ps. The resolution of optical
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Fower [dBm]

3

-20

-400

-60

-50

-96

spectrum analyzer in simulation was set 0.0lnm. Figure 4.15 shows the optical

spectrum of the simulation result and the right one is the experimental result of

10GHz AML-EFRL in subsection 3.3.1. The bandwidth of the simulation result is

about 0.398nm and time-bandwidth product is 0.491. As discussed, filter limits the

spectral bandwidth of the pulse. The pulsewidth of the laser is relatively limited.

Without the limited of optical band pass filter, the bandwidth and pulsewidth became

wider and shorter. Table 4.5 compares the results of simulation with the experiment.

Fower [rmyY] 10GHz puleswidth without OTF

41 F

sk

10.02 ps

2r —>

1k
-0.2 I I 1
318.5332 394 31942 319.44

Tirne [ns]

1
9.462

Figure 4.14 Waveform of AML-EFRL operated at 10GHz without OTF.

10GHz Optical Spectrum

(FWHM: 10.02ps)

25 2 -1 a 1
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Figure 4.15 Optical spectrum without OTF; the simulation result is shown in the left

figure and the right one is the experimental result.
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) ) Experiment result
Simulation _
w/o filter
Pulsewidth (ps) 10.02 11.07
Bandwidth (nm) 0.398 0.375
Time bandwidth product 0.491 0.510

Table 4.5 Comparing the results of simulation with that of experiment.

4.3.3 Simulation results of 20GHz

The structure of simulations respectively operated at 20GHz and 40GHz are
all without “FilterGaussBP”, OTF, and the same as the experiment in subsection 3.3.2.
Figure 4.16 shows the waveform of the output pulse train. The pulsewidth is
measured about 7.75ps. The resolution of optical spectrum analyzer in simulation was
set 0.01nm. The vertical and horizontal axis spans were also set the same as the span
of optical spectrum analyzer of. experimental instrument in reality. The optical
spectrum of simulation results: is-shown as‘figure 4.17 and the right one is the
experimental result of 20GHz AML-EFRI=r-The bandwidth is about 0.61nm and

time-bandwidth product is 0.543. Table 4.6.compares the results of simulation with

the experiment.

Fower [myY] 20GHz pulsewidth
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Figure 4.16 Waveform of AML-EFRL operated at 20GHz without OTF.

(FWHM: 7.75ps)
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Figure 4.17 Optical spectrum without OTF; the simulation result is shown in the left

figure and the right one is the experimental result.

Simulation Experiment result
Pulsewidth (ps) 7.75 7.81
Bandwidth (nm) 0.61 0.48
Time bandwidth product 0.543 0.461

Table 4.6 Comparing the‘results of simulation with that of experiment.

4.3.4 Simulation results of 40GHz

Without OTF, the waveform of the output pulse train is shown in figure 4.18.

The pulsewidth is about 4.40ps. The resolution of optical spectrum analyzer in

simulation was set 0.01nm. Figure 4.19 shows the optical spectrum of the simulation

result and the right one is the experimental result of 40GHz AML-EFRL in subsection

3.3.3. The bandwidth is about 1.04 nm and time-bandwidth product is 0.563. Without

the limited of optical band pass filter, the bandwidth and pulsewidth became wider

and shorter. Moreover, as mentioned in section 2.2.3, the pulsewidth becomes shorter

and shorter while the laser is operated at higher repetition rate.

the results of simulation with the experiment.
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Fower [myY] 40GHz pulsewidth
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Figure 4.18 Waveform of AML-EFRL operated at 40GHz without OTF.
(FWHM: 4.40 ps)
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Figure 4.19 Optical Spectrum without OTF; the simulation result is shown in the left

figure and the right one is the experimental result.

Simulation Experiment result
Pulse width (ps) 4.40 3.30
Bandwidth (nm) 1.04 1.20
Time bandwidth product 0.563 0.487

Table 4.7 Comparing the results of simulation with that of experiment.

64



In simulation results, the values of time-bandwidth product operated at
different frequency are all larger than transform-limited, 0.441 for Gaussian shape.
Beside, while the operating frequency is increasing, time-bandwidth product becomes
larger as listing in the tables. These results are caused by chirp which is induced by
cavity dispersion. The group velocity dispersion (GVD) becomes larger and more
serious as the laser is operated at higher repetition rate. Actually, the cavity dispersion
IS not taken into account in transform-limited equation, equation (2.2.10). It can be
proven by changing the values of dispersion and dispersion slope of the fiber
parameter in simulation. The time-bandwidth product will become close to transform
limited while decreasing the values of dispersion and dispersion slope even the laser
is operated at 40GHz repetition rate. Actually, changing the values of parameter of
“FuncSineB” and “ModulatorMZ” ‘in the simulation are just like adjusting the
modulation index in the experiment. It can also change the pulsewidth and bandwidth

of the pulse train.

In conclusion, simulation results are all close to experimental results. Thus, the
active mode-locked fiber ring lasers can be successfully simulated by using VPI.
Besides, by using VPI to simulate, the parameters and characteristic of components
can be set and adjusted with far more certainty than in reality. The afraid of
mindlessly destroying expensive instrument is unconsidered. It also means that the
characteristic of new components which will be put into the experimental structure
can be simulated before purchasing. Therefore, the cost can be minimized and the

parameters of the components we demand can be confirmed firstly.
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CHAPTER 5

Conclusions and Discussions

5.1 Summary of achieved results

A stable optical short pulse source operated at the gigahertz region is strongly
required for realizing future ultrahigh-speed optical communication. Many
characteristics of mode-locked fiber lasers are much better than semiconductor lasers,
such as good pulse quality, transform-limited, and high output power, especially for
operating at ultrahigh repetition rate. Besides, among many mode-locking techniques
for pulse lasers, active mode-locking is a simple and reliable method for generating
stable pulse train in gigahertz regions..Undoubtedly, for application of communication,
the active mode-locked erbium-doped fiber lasery(AML-EDFL) is a good choice.

There are several special features-of AML-EDFL studied in this study. In
experimental section, first, the stability of AML-EDFL with a length of signal mode
fiber is compensated by polarization controller or not. The pulsewidth of AML-EDFL
can be controlled by polarization controller. Second, this study also conducted the
differences between AML-EDFL which consists of all polarization-maintaining fiber
or not. Third, the pulsewidth and stability of AML-EDFL respectively operated at
2GHz, 10GHz, 20GHz, and 40GHz are compared. In simulation section, the
experimental structures are simulated and the results of simulation are compared with
the paper and experiment in reality.

Also, in this study, a stable pulse source with high SMSR, high repetition rates,
and clean pulse train have been successfully achieved by using AML-EDFL. The
AML-EDFL can generate pulse trains with 20GHz repetition rate, clean pulse, and

50dB SMSR. If the AML-EDFL works at 40GHz repetition rate, the pulsewidth is as
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short as 3.3ps measured by autocorrelator. Besides, after comparing simulation results
with experimental results, the simulations of AML-EDFL have been successfully
achieved by using VPI. The new structure can be simulated firstly before

experimenting with time and money.

5.2 Future research and Improvement

Future ultrahigh-speed optical communication systems will require stable
optical sources which can generate transform-limited pulses at high repetition rates
and with low timing jitter. For optical time division multiplexing (OTDM) system,
requiring a bit error rate of < 10™2, the total timing jitter after the transmission must
be <1/14 of the bit slot [33] and is demanded as small as possible. The higher
modulating frequency is operated; the more difficult it becomes to maintain the
optimum operational condition-over a long .period.-Therefore, how to stabilize the
mode-locked laser is one of the mostiimportanttasks for recently fiber communication
application. There are many kinds. of. stabilization mechanisms reported, such as
regenerative mode-locking [30] and phase locking loop [7] [9]. It has already
discussed in section 2.3.

In general, high speed photodetector, amplifier, and high Q filter are needed for
most of phase-locked loop (PLL) used to stabilize the mode-locked fiber laser.
However, another idea of phase-locked loop of the fiber laser is proposed here. The
scheme is shown in figure 5.1. The structure inside the dashed line is the mechanism
used for stabilizing AML-EDFL. In theory, a basic PLL consists of phase detector,
loop filter, and voltage control oscillator (VCO). The cavity length is controlled by
PZT on which part of cavity fiber is wound. Therefore, PZT works as VCO. The clock
recovery works as high speed photodetector, amplify, and high Q filter. A fraction of

the laser output is received by clock recovery. Then, a sinusoid electrical signal with
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synchronous frequency and phase to the laser output will be sent out by clock
recovery. The double balance mixer (DBM) works as a phase detector which
compares the phase of the sinusoid signal from clock recovery and that of the
synthesizer. If a slight change in the cavity length due to temperature variation or
mechanical vibrations affects the laser, the error signal immediately occurs from the
mixer. After properly processing by low pass circuit, this feedback error signal will
automatically control the PZT to compensate the vibrations, which are caused

environment perturbations, of the laser cavity length. Then locking occurs.

980 nm LD
\,,—, All PM-fiber in the cavity
(" WDM coupler i
p PM-EDF ﬂ PM
isolator
PLL
r— 1 = 1
(- :
40Gb/s EOspace I_ _____ High I
intensity modulator coupler | Voltage :
| controller
\—AM — | |
| |
! |
coupler : |
|
509 output | |
AMP/ N\ N | |
T |
| Clock |
| Recovery |
| |
| |
| |
| o |
f\/ [ - I
| . |
LP filter
Synthesizer l_ ________ D E’EA ___________________ _:

Figure 5.1 AML-EDFL and scheme used for stabilizing it (dashed line); where

“DBM?” is double balance mixer and “LP filter” is low pass circuit.
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The environmentally stable laser also possesses the significant advantage of
being driven by synthesizer, allowing it to be synchronized with other components of

a communications network.

Moreover, there are some other methods to improve this AML-EDFL. First, the
center wavelength of the AML-EDFL can become tunable by placing a wider
bandwidth of optical tunable filter in the cavity. Second, a generation of femtosecond
pulses in the gigahertz region becomes more and more important in terms of realizing
terabit/second communication. As the simulation results, the drawback of active
mode-locking, wider pulsewidth can be overcome by placing a length of dispersion
shift fiber (DSF) in the cavity. With dispersion management, the balance of self phase
modulation (SPM) and group velocity dispersion (GVD) can shorten the wider
pulsewidth of active mode-locked fiber Jdaser. Third, the polarization beam splitter
(PBS) can be put into laser cavity since it .can ensure that the state of the polarization
in the cavity aligns to the slow axis of PM fiber. In this way, it is able to build a the
powerful active mode-locked erbium-doped fiber laser (AML-EDFL) with stable (low
amplitude jitter), high repetition rate, widely tunable wavelength, transform limited,
low timing jitter, short pulsewidth, and high extinction ratio pulse train for application

of ultra-high speed fiber optical communication.
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