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Abstract

The thesis is focused on.the laser dynamics studies of asynchronous
rational harmonic mode-locked Er-doped fiber soliton lasers. The rational
harmonic maode-locking can provide higher repetition. rates and the
asynchronous ~mode-locking can help —achieve good mode-locking
performance. We stabilize the laser cavity length by locking the deviation
frequency of asynchronous mode-locking to help measure the laser
dynamics of the laser system. Base on the information of the RF spectra,
we estimate the timing and center frequency variation of the
asynchronous rational harmonic mode-locked pulse trains. We verify that
the effective modulation strength is mainly from the higher order signals
of the RF amplifier in asynchronous rational harmonic mode-locked

lasers with only phase modulation. We also experimentally find a new



operation state of synchronous harmonic mode-locking. Stable 40 GHz
mode-locking operation can be achieved with RF spectral sidebands quite
similar to the asynchronous mode-locking. A series of experiments have
been performed to investigate the characteristics of this interesting new

operation state.
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Chapter 1
Introduction
1.1 Overview

A fiber laser is a laser in which the gain medium is an optical fiber
doped with rare-earth elements such as erbium (1550nm) and ytterbium
(1060nm). The 1550nm wavelength region has the lowest fiber
propagation loss and has-been widely utilized as the fiber communication
spectral window. Because of this, the erbium-doped fiber laser is most
suitable for optical communication purposes and has also been popularly
applied in the-measurement equipment. In contrast, the ytterbium-doped
fiber laser is..most suitable for industrial applications due to the
achievable high output power and conversion efficiency.

According to the gain medium type, we can classify lasers into
categories of gas, liquid, and solid state. Gas state laser like CO, laser can
be applied for many applications required high power. Semiconductor
laser is one of the most common types of solid state lasers. It is suitable to
be integrated with electrical devices due to their electrical pumping
characteristics. However, for generating ultrashort optical pulses, the

mode-locked fiber laser would be more suitable than many other lasers



due to the large gain bandwidth of rare-earth-doped fibers, which is
essential for producing ultrashort pulses. Ultrashort pulse can help avoid
organism tissue damage resulted from the heat heap. Because of this,
ultrashort pulse laser is also popularly applied in the area of biophotonics.

Typically there are two ways to achieve mode-locking of the lasers.
One is the passive mode-locking and the other is the active mode-locking.
The passive mode-locking can generate shorter pulses than active
mode-locking while the active mode-locking can generate higher
repetition rates:than the passive ‘mode-locking. One can also employ
hybrid mode-locking which contains these  two mode-locking
mechanisms to generate ultrashort pulse trains. in the high repetition rates.

However, in practice there are still many other problems needed to be
solved. One of the most important issues is the environmental
perturbation resulted from the effects of expanding when hot and
shrinking when cold. This effect apparently influences the stability of
active mode-locked fiber lasers due to the cavity length variation caused
by environmental temperature perturbation, because in general, active
mode-locking is possible only when the modulation frequency and the

harmonic mode frequency in the cavity can synchronize. Since it is not



practical to set up systems in the experimental environments without
perturbations, it is thus crucial to know how to employ a feedback control
loop to compensate the cavity length variation.

In the past literature, many methods have been used to help maintain
the pulse train of high repetition rates in mode-locked fiber lasers. By
installing an optical etalon in the laser cavity, a regenerative mode-locked
fiber laser can achieve mode-hop-free operation [1.1]. Another economic
way is to employ asynchronous mode-locking scheme. The feedback
stabilization control can be achieved by detecting the deviation frequency
between the modulation frequency of phase modulation and the harmonic
frequency of the cavity. In this way the error signal can be utilized to
control the optical delay line to correct the cavity length for laser
stabilization..

Recently, asynchronous mode-locked Er-doped fiber soliton laser has
been investigated extensively. Direct generating of 10GHz 816 fs pulse
train from an erbium-fiber soliton mode-locked fiber laser with
asynchronous phase modulation has been demonstrated [1.2]. Applying
asynchronous mechanism to stabilize high repetition rate fiber lasers for

long time operation has also been successfully demonstrated [1.3]. Even



though harmonic mode-locking can generate high repetition rate pulse
trains, it is still limited by the available modulation frequency. It will be
nice to have some other methods to increase the repetition rate. One of
these methods is to employ the rational harmonic mode-locked
mechanism by detuning the modulation frequency with a rational order of
the fundamental frequency of the cavity [1.4]. This kind of high repetition
rate mode-locked fiber lasers that can output ultrashort pulse trains is
suitable for high speed optical communication and ultrafast optical signal

processing [1.5].

1.2 Motivation

Asynchronous mode-locked fiber soliton lasers have been attractive
due to the low cost stabilization method and the high supermode
suppression ratio (SMSR). It is natural to expect that by combining the
asynchronous mode-locking mechanism and the rational harmonica
mode-locking mechanism, one may be able to generate high repetition
rate pulse trains without being limited by the synthesizer frequency and
without suffering from the environmental perturbations. However, the

laser dynamics of asynchronous rational harmonic mode-locked Er-doped



fiber soliton lasers have not been well studied. It will be important to
understand more about their laser dynamics before one can actually

develop their applications.

1.3 Organization of this thesis

This thesis consists of four chapters. Chapter 1 is an overview of the
fiber laser development and the motivation for carrying out this research.
Chapter 2 describes the methods of active mode-lockingand discusses
the issues of rational —harmonic mode-locking, asynchronous
mode-locking, and ‘long-term stabilization of mode-locked fiber lasers.
Chapter 3 presents the experimental setup and analyzes the results of
experiments. Finally, Chapter 4 gives a summary about our achievements

and possible future work.
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Chapter 2
Theories of mode-locked fiber lasers

2.1 Active mode-locking

The active mode-locking mechanism is based on the active
modulation which induces the loss or phase modulation in the laser cavity.
The utilized active modulators may be either the acousto-optic or the
electro-optic modulators. 1f the modulation frequency is synchronized
with the resonator. round trip time, the optical pulse trains in the cavity
will continue to.grow and finally achieve stable.mode-locking (Fig. 2.1).

In general, active mode-locked fiber lasers can use two different
methods for optical modulation. One is the amplitude modulation (AM)
mode-locking, and the other is the phase modulation (PM) mode-locking.
Detailed introduction for the two general-methods of modulation will be

given in the following section.

Modulator

Gain medium é

B

‘ Round trip time '

Fig. 2.1 Schematic of an active mode-locked laser
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2.1.1 Amplitude modulation mode-locking

Amplitude modulation mode-locking is a way in which the optical
amplitude is modulated directly to produce a short pulse train. This
mechanism can be analyzed both in the frequency domain and the time
domain [2.1].

In frequency domain, as the net gain of the system is greater than
zero, longitudinal modes will start to lase. The longitudinal modes are
separated equally-in the frequency domain and the frequency interval is
AQ = i—: where T is the round trip time. Denoting the center frequency
to be w,, the sidebands which center on w, will grow together as
explained below if the lasers carry out mode-locking by the method of

amplitude modulation.

Intensity

L. fa
."
'\
/ \

Freguwency
Cavity longitudinagl mode sir

Freguency

Intensity

— P Av =2

Laser ol specire

Fig. 2.2 Actively mode-locked modes in the frequency domain
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Assuming the optical signal in the resonator is E(t) = E,cos(w,t),
then the amplitude modulated optical signal can be expressed as below:
E(t) = (1 + Mcos({,,t))E,cos(w,yt)

= E,cos(w,t) + E, %cos(mg +0,.)t+E, %cos(mﬂ -0t

(2-1)

Here we have denoted the modulation depth and modulation
frequency to be M and €, respectively. According to above results, the
center frequency ‘@, produces two inphase sidebands (w, + (1,,) after
the modulation.. If one applies the amplitude modulation again other
two inphase sidebands (w, £ 2£1,.,) can be produced. After repeating the
process of modulation, the longitudinal modes in the gain profile will be

all phase-locked and the mode-locking can be achieved finally.

A A A A A
A L4 ala NP ala A A
° °
VO '2fm VO 'fm VO VO +fm VO +2fm

Fig. 2.3 Diagram of the amplitude modulation mode-locking in the frequency domain.
In the time domain analysis, the modulator produces a periodic

loss in the cavity. Pulse trains builds up when the gain is greater than the



loss. If the optical signal passes through the maximum transmission point
every roundtrip, then the optical signal will be amplified again and again
until it reaches the steady state. The pulsewidth become shorter after
passing through the amplitude modulator repeatedly. The pulse shortening
strength caused by modulation balances the pulse broadening strength
caused by the dispersion/filtering effects of the cavity in the steady state.
The modulation time period must be either equal to the roundtrip time of
the laser cavity or.equal to the integer fractional of the roundtrip time for

the cases of harmonic mode-locking.

|
I time
|
|

Fig. 2.4 Actively mode-locked pulses in the time domain and the time dependence of
the net gain.
The master equation of amplitude modulation mode-locked lasers can

be written as:

T, Bu(Tt) _ (g — Du(T,t) + iiu(ﬂ t) — iMﬁMtzu(T, t) (2-2)

aT 0, 9t
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where g is the gain per pass, | is the loss, €, is the gain bandwidth and

M is the modulation index.

2.1.2 Phase modulation mode-locking

Phase modulation mode-locking is a way in which the optical signal
Is phase modulated directly to produce short pulse trains. This mechanism
again can be analyzed both in the frequency domain and the time domain.
In the frequency domain, we assume the center frequency is w, as
before. When the longitudinal mode is modulated by passing through the
phase modulator, the optical signal can be written as below:
E(t) = E cos(wyt+ Mcos{ly) (2-3)
= Eo 22, Tn(M)cos (w, t+ nfyt) (2-4)
where M is the modulation. index, (1,, is the modulation frequency and
], Is the n-th order Bessel function.
It can be seen that the optical signal consist of unlimited
sidebands when (2-3) is expanded into (2-4). The periodic pulse trains are
formed when the phases of different modes are mode-locked. The pulse

trains diagram is shown in Fig. 2.5

11



intensity
profTile

o .
Fig. 2.5 Formulation of pulse trains in the time domain.

In the time domain, the phase of the optical pulse will be changed by
the phase modulator. In the beginning, we can set the constant phase
without modulation effect is @,. Then the optical phase changed by the
phase modulator can be expressed by a Taylor series and the result is

written as below:

_ de . ¢ ]
@(t) =@, + el o U (2-5)

where i—q: means  the Immediate frequency. When i—i’i{], the

modulation will cause the frequency shift of the optical pulse. Central
frequency will continue to be shifted when passing through the phase
modulator per round trip, until the optical pulse is shifted out of the gain
bandwidth and disappears. As a result, only the synchronized pulses can
survive in the laser cavity and then reach the steady state. However,
de

— = 0 has two solutions (positive 2™ order derivative and negative 2™

order derivative). There will be only one stable solution depending on the

12



sign of f_:f and the sign of the cavity dispersion.

2.2 Rational Harmonic mode-locked fiber laser

The high repetition rate mode-locked fiber laser may be useful for
high bit rate optical communication systems. The active mode-locking of
Er-doped fiber lasers is an attractive way for achieving mode-locking
because it can offer transform-limited, sub-picosecond pulse trains with a
repetition rate of .10 GHz or higher [2.2] [2.3]. However, the repetition
rate of fiber laser is limited by the bandwidths of the electro-optic
modulator, synthesizer and RF power amplifier. Rational harmonic
mode-locked (RHML) technique can overcome this problem and thus it
has attracted a great deal of interest. The method is to detune the
modulation frequency away from the longitudinal mode of harmonic
mode-locking (HML) to generate high repetition rate pulse trains [2.4].

In this mode-locked mechanism, the final repetition rate can be
(np+1)f; (2-6)
when the modulation frequency is set at
m+2f, (27
Note that f. is the fundamental frequency of the cavity

13



Jo = ﬂgfif”‘: (2:8)
Here n and p are integrals, c is the optical speed in the vacuum and n,¢¢
Is the effective index of the cavity and L is the cavity length.

By using the RHML laser configuration, Nakazawa and Yoshida have
achieved high repetition rate rational harmonic mode-locked fiber laser
up to 80-200GHz [2.5]. L. R. Chen has demonstrated wavelength-tunable,
30-GHz pulse train generation from a rational harmonic mode-locked
fiber optical parametric oscillator (FOPO) by using a 10-GHz driving
source [2.6].

If the fiber laser is applied to practical systems, the stability of the
optical pulse .trains from a fiber laser needs to be.improved. The
instability may originally come from three main causes:

1) Polarization fluctuations -in_the long fiber cavity due to fiber
vibrations,

2) Cavity length drifts due to the temperature fluctuations.

3) Supermode noises which frequencies could be any integral multiples
of the cavity fundamental frequency.

Several approaches have been developed to overcome these problems.

Nakazawa and Yoshida constructed the fiber lasers with an

14



all-polarization-maintaining ring cavity [2.3] [2.7]. The issues about how
to stabilize the fiber cavity length from not being suffered from the
fluctuations in the temperature will be given in Chapter 2.4.

However, the most important problem in the rational harmonic
mode-locking is the pulse amplitude variation. Considering a simple
example when f,, = (1 +§jfc, the diagram of light modulation in the

ring cavity is shown in Fig. 2.6.

- ST, = & T =

) R - . ‘
P @\ /<D\ @ , @\ . @\ CD\ @
f N X 1 f X X 1
\ / 7|\ M 4
", \ / R v S /
i \ / y \ - /
-., \;_-
\ / \ A\ /
\ / Y \ S /
. AN / ; \ N |y
NS / . \| S .\ /
X \S > \S
(c) (d)

Fig. 2.6. Sketch of light modulation in the cavity after T, 2T, 3T, 4T respectively

When light is modulated in the cavity after T, 2T, 3T, 4T respectively,
15



this process will continue to go through repeatedly. The lights in the
cavity are amplified and eventually form the pulse trains in the particular

position of time domain as shown in the Fig. 2.7 (a).

rt

: =
=T = t
(b)

Fig. 2.7 (a) Pulse train in the particular position of time domain. (b) Pulse in the

modulation transmission curve at immediate time

In Fig. 2.7 (b), the pulse forms and gets modulated at I, II, I
sequentially in three time periods. So for the P = 3, the pulse can be
generated in the three points of the modulation curve, but their
transmission ratios are different in different time periods. That is the
reason why the amplitude variation usually occurs in the rational
harmonic mode-locked fiber lasers.

To solve this problem, several researches have been reported for

amplitude equalization. By properly adjusting the bias level of the

16



modulator one can equalize the amplitude [2.8]. N.K. Dutta has applied
this equalized technique to demonstrate a rational harmonic mode-locked
fiber laser with amplitude-equalized output operating at 80 Gbits/s [2.9].
Another main technique for equalizing the pulse amplitude is by using the
SOA[2.10].

Rational harmonic mode-locking can be carried out by an amplitude
modulator or a phase modulator [2.11]. X. Bao gave a conclusion that
rational harmonic. mode-locking can be achieved by using the phase
modulation and better performance than the counterpart with amplitude

modulation can be expected [2.12].

17



2.3 Asynchronously mode-locked fiber laser

In active harmonic mode-locked lasers, the modulation frequency
must exactly be equal to the cavity harmonic frequency, since otherwise
the pulse trains cannot build up in the cavity. This is because the optical
pulses will be shifted by a frequency if not synchronized. In the presence
of finite bandwidth filter and gain, the pulse train cannot achieve stable
mode-locking. However,. in the asynchronous-mode-locking mechanism
[2.13], the modulation frequency is detuned from the cavity harmonic
frequency by several kHz to tens kHz and stable mode-locking still can
be achieved [2.14]. For the explanation of asynchronously mode-locking
mechanism, it.is not difficult to know from the simple diagram shown in

the Fig. 2.8

Soliton

A

Noise *"""**| Filter/Gain \

Soliton Jk Aasm GVD/SPM

Airasm

Phase |
Modulator

= \
! I',-‘Hh. + Al aliton

| _ Aasi + Alsciion
Asynchronous Soliton
Madulation

Fig. 2.8 Laser cavity with the gain, filter, group velocity dispersion (GVD), self phase
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modulation (SPM) and the phase modulation driven asynchronously.

The fiber laser of Fig. 2.8 is consisted of the optical bandpass filter,
group velocity dispersion (GVD), self phase modulation (SPM), gain
medium and the phase modulator. Under this laser configuration, the
pulse does not disappear in the cavity. On the contrary, stable pulse trains
can be realized and compressed to sub-picosecond pulse-width with the
10GHz repetition rate [2.15]. The noise clean up mechanism is similar to
the effects of sliding-frequency guiding filters in soliton communication
systems [2.16]. The soliton effects induced by the fiber nonlinearity in the
asynchronous:mode-locked fiber laser can help the mode=locked pulses to
survive the asynchronous phase modulation. As a result; the solitons can

exist steadily in the cavity, as is shown in Fig. 2.9.

Optical Filter

(6]

Fig.2.9 The noise-cleanup effect in the asynchronous mode-locked soliton laser.

The central frequency of the solitons varies in the fiber cavity during
19



propagation, but the central frequency of the linear noises keep fixed and
will be filtered out by the optical filter. So the asynchronous
mode-locking mechanism can provide high SMSR performance without
requiring additional intracavity optical devices [2.17].

Applying asynchronous mode-locking in fiber lasers to generate
ultra-short pulses provides other advantages. One is to utilize the
deviation frequency for feedback use. The other is to take advantages of
the laser dynamics of asynchronous mode-locked fiber lasers for special
applications [2.18]. These two aspects will be discussed in Chapter 2.4

and Chapter 3.
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2.4 Long-Term Stabilization of Mode-Locked fiber

laser

The generation of ultrashort optical pulses in the GHz level is very
important for high bit rate optical communication and optical metrology
[2.19]. The most common way to produce high speed optical pulse trains
Is through active mode-locking. In the literature, many techniques have
been carried out. These-techniques include synchronous mode-locking,
asynchronous meode-locking, rational. harmonic ~mode-locking and
regenerative mode-locking [2.20].

When the laser speed is improved to the GHz level, applications in
practical systems still require enhancing the stability of optical pulse
trains. There are-many researches to reduce the noises for achieving
long-term stabilization of the mode-locked fiber laser. They are as given
in the below:

A) PZT

The main cause for laser instability is the cavity length drift due to
the temperature fluctuations. This perturbation causes the repetition rate
to shift and then the mode-locking cannot be maintained. The supermodes

may also oscillate simultaneously and compete with each other. Thus the
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fluctuations of pulse amplitude are generated, which appear as noises in
the RF spectrum.

As said above, controlling the cavity length is a direct way to enhance
the stability. It can use the error signal from the mixing of the modulation
frequency signal and the pulse repetition rate signal to control the voltage
of PZT. The PZT is lengthened or shorted by the applied voltage. The
length of fiber winded around the PZT is thus also changed by the error
signal. Finally, the cavity length fluctuations caused by temperature

perturbations can be compensated and- a fixed. cavity length can be kept

[2.21].
PZT feedback control
A \W y\ e~~~y I
: ¢ 0
—:—<<— )3 Signalgenerator:
| N |
: Amplifier I PD :
b e e e e e L — T |
Pump
PZT

<

Fig. 2.10 Schematic setup of PZT feedback control

Coupler output
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B) Regenerative mode-locking [2.3]

As shown in Fig. 2.11, the 40GHz clock extraction circuit is used to
extract the 40 GHz clock from the laser output. The clock is then
amplified and applied to the phase modulator. Finally, mode-locking is
carried out. The laser operation continued stably for a long time because
the modulation frequency (i.e. clock signal) always follows the changes
in the cavity length. This means the modulation frequency and the cavity
harmonic frequency always keep synchronous.
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CIRCUITS

Fig. 2.11 Diagram of regenerative mode-locked fiber laser
Recently, the mode-locked fiber laser stabilization techniques are

improved to a more advanced level. Base on the regenerative
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mode-locked technique, Nakazawa and Yoshida have successfully
demonstrated the mode-hop-free optical frequency tunable mode-locked
fiber laser [2.22].The wavelength reference of C,H, is employed to
absolutely stabilize the optical frequency of the mode-locked fiber laser
[2.23]. It is also possible to independently stabilize the repetition rate and
the optical frequency [2.24].

Base on controlling the cavity length to lock the deviation frequency
at a suitable value; there is a stabilization technique by taking advantages
of the unique characteristics of asynchronous mode-locking [2.25]. It
provides an advantage that the feedback module does not require high

frequency electronics and in principle the cost can be much less.
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Chapter 3

Experimental setup and results

3.1 21GHz asynchronous rational mode-locked Er-fiber
soliton laser with stabilization

3.1.1 Experimental setup and component parameters
The system setup of our rational asynchronous mode-locked Er-fiber

laser with the feedback control is shown.in Fig. 3.1

<
- )

L S{i 7 WDM

Er-Fiber

Polarization
Independent
Isolator
Coupler i
P Polarization BRI,
20 Controller

Polarizatio
Controller

Tunable BPF

ARAEA

DSF  Laser OlItput
Feedback Control

| 1
: A :
(BB f—| fiters Frequenc | |

Fig. 3.1 The experimental setup

The schematic diagram of experimental setup consists of two main

systems. One is the laser cavity and the other is the feedback control
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system. The Er-doped fiber is pumped by two 980 nm laser diodes
respectively. The 20/80 coupler divides 80% optical signal into the cavity
and 20% into the feedback control system. The feedback control system
consists of an optical delay line, a low bandwidth photodetector, a
low-pass filter, an amplifier, and a frequency counter. The polarization
independent isolator in the cavity is for single direction wave propagation.
The phase modulator is to achieve mode-locking by EO effect. The two
polarization controllers in the cavity are used to achieve polarization
additive pulse mode-locking (PAPM). The devices that have been used in

the fiber ring cavity are listed in the Table 3.1.
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Table 3.1 Devices in the fiber ring cavity

Device

Specification

Phase modulator

Vn=4.7 volt @1GHz

Maximum output power :

980nm pump laser 915mA X 1
1164mA X 1

Erbium-doped fiber ~5.5m

Single mode fiber ~19.5m

Optical delay line

Operating wavelength : 1260-1650 nm
Range : 0 ~ 560 ps

Resolution: 0.3 pmor 1 fs

Dispersion shifted fiber

~2'm

Coupler

80/20x1:95/5x1:50/50x1

Polarization controller

X 2

Low pass filter

500 Hz to 64000 Hz

Frequency counter

Frequency : DC to 225 MHz

Tunable optical

bandpass filter

Bandwidth : 13.5 nm

Central wavelength : 1530~1570 nm
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3.1.2 Experimental setup and results

From Chapter 2.3, we know how to generate pulse trains of high
repetition rates by the method of rational harmonic mode-locking. The
pulse trains can reach high quality performance by asynchronous
harmonic mode-locking as discussed in Chapter 2.2. Finally, we employ
the technique that locks the deviation frequency to control the cavity
length for achieving long-term stabilization.

Experimentally, we first set the phase modulation frequency at

7.0128 GHz. Then we detune the frequency to become 7.0128 GHz +

2 MH=

, Where the 8 MHz is the fundamental frequency of.cavity. Finally,
we can observe the repetition rate frequency at near-21 GHz in RF
spectrum. We further detuned the modulation frequency with the smaller
amount that closes to near kHz level. The results in the frequency domain
and time domain are shown in below:

Fig. 3.2 is the RF spectrum to demonstrate the repetition rate can be
up to 21 GHz by the rational harmonic mode-locking with p=3 and the
side mode suppression ratio performance is well. The Fig. 3.3 shows high
mode-locking quality since the supermode suppression ratio (SMSR) is

greater than 60 dB.
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Fig. 3.2 RF spectrum of laser output near 21 GHz with 40 GHz span
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Fig. 3.3 RF spectrum of laser output near 21 GHz with 50 MHz span

Fig. 3.4 show the results of laser outputs under the rational and
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asynchronous mode-locked situation. The deviation frequency in this case

IS ~25 kHz.
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Fig. 3.4 RF spectrum- of laser output near 21 GHz with 500 kHz span
In this case, the laser is pumped by bi-directional pumping, and the
pumping current is around 850 mA and 800 mA respectively. The optical
characteristics and the pulsewidth are shown in Fig. 3.5 and Fig. 3.6

respectively.
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Fig. 3.5 Optical spectrum of the 21GHz rational asynchronous mode-locked Er-fiber

soliton laser
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Fig. 3.6 SHG intensity autocorrelation trace (open circles) and the fitting curve (solid

curve) of the laser output, assuming sech? pulse shape.

Finally, we use the stabilization scheme that is based on controlling
the cavity length to lock the deviation frequency at a suitable value [3.1].
Long-term stable mode-locked fiber laser is carried out when the
feedback control is turned on. In the 21 GHz rational harmonic
mode-locked fiber laser case, the deviation frequency shift can be
controlled to be within +£1kHz and the duration of stabilization can be

greater than 2000 seconds. The results are shown in Fig.3.7
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Fig. 3.7 Deviation frequency shift: without the stabilization scheme (red dash line);

with the stabilization scheme (black solid line).

Because of the long stable operation  duration, we can further

measure the laser dynamics in our rational harmonic mode-locked fiber

laser system. The results are given in the next section.
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3.2 Pulse dynamics of ARHM fiber soliton laser
3.2.1 Periodic pulse timing position and center frequency
variation

In the above section, we achieved the high repetition rate by the
asynchronous rational harmonic mode-locked method. In this section, we
will study the laser dynamics in the ARHM case. We utilize the theory
developed in [3.2] to investigate the laser dynamics.

For simplicity. we will assume the pulse timing variation is a simple
sinusoidal function at the deviation frequency &f. The detected pulse

train signals from the fast photodetector can be expressedas:

i(0) = [r(OQpIR T ™=, §[t — mTy + Aepsin@adf,.Ty)]  (3.1)

where r(t) is the response function of fast photodetector, p(t) is the pulse
intensity, T, is the period of the cavity harmonic, At, is the half
peak-to-peak displacement of sinusoidal pulse timing variation, &[.] is
the Dirac’s delta function, and & is the operation of convolution. The
Fourier transform of the photocurrent i(t) can be expressed to be:

Fi(D} = F{r(D} = F{p(O} =« F{Zm==_ 6.1} (3.2)
(6[.1 = &[t — mT, + At,sin(2m = 6f * mTy)])
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(@) =7(w) *p(w) * LnZZe Jn (@Aty) X0=Z 6(w — 2mmfy —
21nSf)

(3.3)
where 7(w) and p(w) are the Fourier transforms of the response
function of fast photodetector and the pulse intensity respectively, and
.. (.) is the Bessel function of the first kind of order n. As said above, the
pulse trains with a sinusoidal timing variation in the time domain can be
converted to the frequency domain like a.comb as show in Fig. 3.8. From
equation (3.3), the sinusoidal timing variation is.converted to amplitudes
of J.(wAt,) in.the frequency domain, which.is spaced equally by the
deviation frequency &f around the harmonic mode (mf;). Because I(w)
is proportional to |/, (wit,)|*, we can estimate the At from the power
ratio of the 0" (the cavity harmonic frequency)-and 1* (the modulation

frequency) spectral peaks. It is-written as:

Jo(Z2mmfy Aty) :
Ji[2n(mfy + 6f)At,]

—* IIA - ]IE = lﬂlﬂglﬂﬂ.
Jo(Zmm fity) )
Ji[2m(mfy+6f)Aty]

Jo(Zmmfyiiy) ) (3 4)
Ji[Zm{mfy)AtL,] .

= znloglc‘(

~ 201og,o(

We can use the equation (3.4) to calculate the pulse timing variation

for the asynchronous rational harmonic mode-locked fiber lasers.
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For comparing with the experimental data, we will use the

approximate analytic formula derived in  [3.2], which is given below:

( ad 2
-\I! 1+(31'2ca:nﬂ)
2d;M 1
Aty = 20— (3.6)
| d
!1+(3T;mr;:nﬂ:l

Also from [3.2], we know the phase difference between the pulse
timing variation and the pulse center frequency variation is g The pulse
center frequency variation can be identified by comparing the timing
variation before and after a propagation length of SMF-28. The formula is
shown as below:

Atypen = Atosin(RT) + AdDLcos(RT)

= J(At)?+ (AADL)? sin(RT + ¢)

= At, sin(RT + ¢) (3.7)
where the term AADLcos(RT) is the extra pulse timing variation
resulted from the dispersion of external SMF-28. Equation (3.7) can be

derived to get the equation (3.8)

Z z
lAtZ—ALZ

M:‘\'

(3.8)

DL

where At, and At, are the timing variations after and before SMF-28

respectively.
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The RF spectra with span 500 kHz are shown in the Fig. 3.8, Fig. 3.9,
Fig. 3.10, and Fig. 3.11. The pulse trains propagate through the external

section of SMF-28 with the length of Om, 200m, 300m, and 500m

respectively.
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Fig. 3.8 RF spectrum at 21 GHz with -0 m SMF 28 fiber
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Fig. 3.9 RF spectrum at 21 GHz with 200 m SMF 28 fiber
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Fig. 3.11 RF spectrum near 21 GHz with 500 m SMF 28 fiber
According to these data and equation (3.4), the relation between the
external section of SMF-28 and pulse timing variation is shown in Fig.

3.12

42



(o]

ol

w

/.

[ ]

0 100 200 300 400 500
Length of SMF28 (m)

Displacement of the pulse timing (ps)
N
[ |

Fig. 3.12 Measurement of the net pulse timing variation versus the length of the
SMF-28 fiber.
Furthermore, we take the periodic pulse timing position variation and
the parameter.of SMF-28 into the question (3.8) to get the pulse center
frequency variation. The experimental and calculated results are listed in

Table 3.2.

Table 3.2 Ratios of the RF intensity and the estimated wavelength variation

SMF 28 Length (m) | la-1b (dBm) At (ps) AM(nm)
Om 14.5 2.80596

200m 13.08 3.28278 0.5011434
300m 11.34 3.96577 0.5495068
500m 7.83 5.7068 0.584626
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Finally, the average pulse center frequency variation of AMX is
0.545092 nm. We have measured and saved the RF spectra for different
lengths of SMF-28 fiber and calculated the values of the periodic pulse
timing position variation. These results provide us to estimate the
effective modulation depth in this particular case. We find that the
modulation depth in the asynchronous rational harmonic mode-locked
fiber laser is mainly contributed by the higher order harmonics from the

electronic amplifier.
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3.2.2 Determination of the effective modulation depth

The journal paper [3.3] indicated that the rational harmonic
mode-locking with a phase modulator is mainly due to the contributions
of higher order harmonics from the amplified electrical driving signal. In
this section, we will use another way to determine the conclusion of [3.1].
Based on the section 3.3.1 results, we can further use these results to
calculate the effective modulation depth of the mode-locked fiber laser. In
this section, we set two different experimental cases to enhance the
accuracy of experiments. The first one is the rational harmonic
mode-locking.and the other is the harmonic mode-locking. We detune the
operation parameters to let their effective modulation strength get close.

The equation (3.9) 1s derived from equation (3.6) and is shown below:

= ) e

Figure 3.13 is the RF spectrum with no external section of SMF-28 in
the rational harmonic mode-locked case. The deviation frequency is ~26
kHz and the power difference of the Oth (the cavity harmonic frequency)

and 1st (the modulation frequency) order spectral peaks is 14.5 dB. This
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Is shown in Fig. 3.13.
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Fig. 3.13 RF spectrum at 21 GHz with 0 m SMF 28 fiber
The second-harmonic generation (SHG) intensity autocorrelation
trace is shown in Fig. 3.14 by open circles. With the assumption of sech
pulse shape, the solid line in Fig 3.14 is the fitting curve of the SHG

intensity autocorrelation trace and the pulsewidth is 1.7297 ps.
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Fig. 3.14 SHG intensity autocorrelation trace (open circles) and the fitting curve (solid
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curve) of the laser output, assuming sech2 pulse shape.

The simulation parameters used here are listed in Table 3.3

Table 3.3 Simulation parameters in rational harmonic mode-locking

The simulation parameters (Rational harmonic mode-locking)

of 26 kHz

fa 8 MHz

fn 21 GHz

d, 0.05

d, 0.2

T 1.7297 ps

At 2.80596 ps

These parameters are normalized by a time units of 0.5 ps, which is
near the laser pulsewidth. The value of -d,is-determined from the filter
bandwidth (13.5 nm) and the value of d; is determined from the
estimated cavity average dispersion (-4.1ps®/km) as we well as the cavity
length (25m). After substituting these parameters in equation (3.9), we get
the effective modulation depth (M) to be 0.091917.

The comparative case is the harmonic mode-locking. The RF
spectrum and pulsewidth profiles are given in Fig. 3.15 and Fig. 3.16

respectively.
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Fig. 3.16 SHG intensity autocorrelation trace (open circles) and the fitting curve (solid

curve) of the laser output, assuming sech2 pulse shape.

The simulation parameters used are listed in Table 3.4
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Table 3.4 Simulation parameters in harmonic mode-locking

The simulation parameters (Harmonic mode-locking)
of 42 kHz
fa 8 MHz
fn 21 GHz
d, 0.05
d, 0.2
T 1.384 ps
At 2.8326 ps

After substituting these-parameters in equation (3.9), we get the
effective modulation depth (M) is 0.241585. And a comparison table is

given below.

Table 3.5 Comparison table between harmonic mode-locking and rational harmonic

mode-locking
Harmonic Rational harmonic

mode-locking mode-locking

Delta dBm 14.415 dBm 14.5 dBm

Timing variation 2.8326 ps 2.80596 ps

Deviation frequency 42 kHz 26 kHz
Pulsewidth

(sech2 shaping) 1.384 ps 1.7297 ps
Effective modulation depth M: 0.241585 M: 0.091917
Effective modulation power 1.16037 dBm -7.23313 dBm
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The effective modulation can be related to the driving power of the

modulator with the dBm unit. The formula is given below:

M (dBm) = 10 =log;, [(“’:3)2 * l;w] (3.10)
The experimental modulation power injected into the modulator is
~14 dBm in the harmonic mode-locking and >5.34 dBm in the rational
harmonic mode-locking respectively. The difference between the
experimental values and theoretical ones may be caused by the noise
disturbances from the laser system. However, it matches the result that
broad pulsewidth with ‘low modulation depth in rational harmonic
mode-locking- by referring to reports of C. Wu and N.-K. Dutta [3.6].
Base on the laser dynamics of asynchronous harmonic mode-locking, we
calculate a lower ‘modulation depth in the rational harmonic
mode-locking case. This Is another way to demonstrate the rational
harmonic mode-locking with a phase modulator is mainly due to the

contributions of the higher order harmonic terms from the amplified

electrical driving signal.
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3.3 33GHz asynchronous rational harmonic mode-locked
Er-fiber soliton laser
In this section, we improve our laser system to operate at 33 GHz
asynchronous rational harmonic mode-locking. In the frequency domain
we show the results of RF spectrum in the Fig 3.17, Fig. 3.18 and Fig.

3.19.

-20 4

-40 4

Power (dBm)

-60 I

<o T VAT iy

| il l
0 10 20 30 40

Frequency (GHZz)

Fig. 3.17 RF spectrum of laser output near 33 GHz with 40 GHz span
As shown in Fig. 3.17 we observe certainly that the repetition rate of
33 GHz has been achieved, when the modulation frequency is operated at
11 GHz with p=3 and the sidemode suppression ratio performance is very

well. The bandwidth of the RF amplifier we used is 26.5 GHz.
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Fig. 3.18 RF spectrum of laser output near 33 GHz with 50 MHz span
As shown in the Fig. 3.18 the supermode noise suppression is

suppressed very well.
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Fig. 3.19 RF spectrum of laser output near 33 GHz with 500 kHz span
Fig. 3.20 shows the optical spectrum of the laser output. The
full-width half-maximum (FWHM) bandwidth of the optical spectrum is

1.28 nm.
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Fig. 3.20 Optical spectrum of the 33GHz asynchronous rational mode-locked Er-fiber
soliton laser
Finally, the pulse profile is shown in Fig.-3.21 and with the

assumption of sech” pulse shape; indicating that the pulsewidth is 2.5477

(ps).
SHG pulse width =3.9234 (ps)

0.031 sech? pulse width =2.5477 (ps) 7
=
< 0021
Pr)
2
a
= 0.014

0.00

65
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Fig. 3.21 SHG intensity autocorrelation trace (open circles) and the fitting curve (solid

curve) of the laser output, assuming sech2 pulse shape.
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3.4 New synchronous harmonic mode-locked operation
state

When we measured the laser dynamics as mentioned above, we also
found a new mode-locked fiber laser operation state. This mode-locked
situation exhibits spectral peaks at a larger deviation frequency than the
deviation frequency of ARHML in our knowledge. This new state also
exhibits high SMSR as shown in Fig. 3.23 and Fig. 3.29. The allowed
region of the deviation frequency: is very small so that it can provide us an
obvious operating point (i.e. the laser gets mode-locked perfectly once it
enters this large deviation frequency region). Finally, we can also employ
the long-term.stabilization scheme based on the deviation-frequency
locking to stabilize the laser. We also show that both the harmonic
mode-locked case and the rational harmonic mode-locked case can be
operated in this new state.

We first demonstrate the harmonic mode-locked fiber laser with a
large deviation frequency. The experimental setup is the same as in Fig.
3.1. The results in this case include the RF spectrum, pulsewidth profile,
optical spectrum and laser stabilization. The experimental parameters are
listed in Table 3.6.
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Table3.6 Parameters for the new harmonic mode-locked state

Parameters of harmonic mode-locking

980 nm pump L:850 mA ; R:800 mA
Repetition rate 39.997017 GHz
Synthesizer power -7 dBm

Results

Optical center frequency 1559.32 nm

Optical spectrum bandwidth 2.0713 nm

Pulsewidth 1.8412 ps

Output power 27 mW

SMSR >55 dB

Deviation frequency 189 kHz
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Fig. 3.22 RF spectrum at 40 GHz in with 500 kHz span
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Fig. 3.23 RF spectrum at 40 GHz with 50 MHz span and SMSR > 55 dB

0.100

SHG pulse width = 2.8335 (ps)

sech’ pulse width = 1.8412 (ps) 1
0.090 4 L -

0.0954

0.085 1
0.080 -
0.075 4

Intensity (A.U.)

0.070 1
0.065 1

0060 camasans PR
70 75 80 85 90 95 100 105 110
Time delay (ps)

Fig. 3.24 SHG intensity autocorrelation trace (open circles) and the fitting curve (solid

curve) of the laser output, assuming sech2 pulse shape.
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Fig. 3.25 Optical spectrum of the 40GHz harmonic mode-locked Er-fiber soliton laser
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Fig. 3.26 The deviation frequency shift with duration time of stabilization
We then demonstrate the rational harmonic mode-locked fiber laser
with large deviation frequency. The results in this case include the RF

spectrum, pulsewidth profile and optical spectrum. The experimental
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parameters are listed in table 3.7.

Table3.7 Parameters in new harmonic mode-locked state

Parameters of rational harmonic mode-locking

980 nm pump L:850 mA ; R:800 mA
Modulation frequency 13.308938 GHz
Synthesizer power 3 dBm
Results
Repetition rate 39.928 GHz
Optical center frequency 1559.12 nm
Optical spectrum bandwidth 1.638 nm
Pulsewidth 1.9946 ps
Output power 27 mW
SMSR ~60 dB
Deviation frequency 183 kHz
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Fig. 3.27 RF spectrum at near 40 GHz with 40 GHz span
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In the RF spectrum with span 40 GHz, one can see that the unwanted

harmonic sidemodes are suppressed very well.
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Fig. 3.28 RF spectrum at near 40 GHz in with 500 kHz span
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Fig. 3.29 RF spectrum at near 40 GHz with 50 MHz span and SMSR ~ 60 dB
In the RF spectrum with span 50 MHz, one can see that the

supermode noises are also suppressed very well.
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Fig. 3.30 SHG intensity autocorrelation trace (opencircles) and the fitting curve (solid

curve) of the laser output, assuming sech2 pulse shape.
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Fig. 3.31 Optical spectrum of the 40GHz rational harmonic mode-locked Er-fiber
soliton laser
Even though this situation is quite similar to asynchronous

mode-locking, the observed optical spectrum exhibits clear mode spacing
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and this operation mode is reached by setting the modulation frequency

very close to the harmonic frequency of cavity. These characteristics

indicate that this new mode-locked state should be close to synchronous

mode-locking rather than asynchronous mode-locking. So we start to

design a series of experiments to check if this state is asynchronous

mode-locking or not. These experiments are given below.

First, we measure the oscillation frequency from the low frequency

spectrum of the pulse train and the result is shown in Fig. 3.32.
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Fig. 3.32 Low frequency spectrum of the output pulse train. Large deviation

frequency situation (red dash line), synchronous situation (blue dot line) and no

modulation signal situation (black solid line).

It is easy to see that the amplitude of oscillation frequency in large
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deviation frequency mode-locking is higher than the other states. Based
on this result, we expect the deviation frequency is induced by gain

dynamics instead of asynchronous mode-locking.

Secondly, we want to know if the oscillation frequency is really
induced by the gain dynamics or not. We change the pumping power to
record the difference of the oscillation frequency. The experimental result
is plotted versus the optical power of the autocorrelator port as shown in

the Fig.3.33, alinear dependence is clearly seen.
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Fig. 3.33 Linear relation between the optical power of the autocorrelator port and the
deviation frequency of the spectral side peaks.
Based on this result, we can conclude that the deviation frequency is

proportional to the pumping power.
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Finally, we use the sampling scope to check directly if this state is
asynchronous mode-locking or not. The sampling scope has two ports,
one is the signal port and the other is the trigger port. In the synchronous
mode-locked case, the trigger port signal from the synthesizer can
correctly trigger the signal of the laser output. On the contrary, the signal
of the laser output is with slow timing variation in the asynchronous
mode-locking case so that it cannot be triggered correctly. It means that if
the triggered process can be carried out successfully, then it is not the
asynchronous mode-locking.

The obtained results are given in Fig. 3.34, Fig. 3.35 and Fig. 3.36
with the synchronous mode-locking, large deviation frequency

mode-locking and asynchronous mode-locking cases respectively.
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Fig. 3.34(a) RF spectrum in synchronous mode-locking at near 20 GHz with 500 kHz
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Fig. 3.34(b) Synchronous mode-locked pulse trains by the fast sampling oscilloscope
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Fig. 3.35(a) RF spectrum in asynchronous mode-locking at near 20 GHz with 500

kHz span
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Fig. 3.35(b) Asynchronous mode-locked pulse trains by the fast sampling oscilloscope
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Fig. 3.36(a) RF spectrum in large deviation frequency mode-locking at near 20 GHz

with 500 kHz span
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Fig. 3.36(b) Large deviation frequency mode-locked pulse trains by the fast sampling

oscilloscope
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It is easy to see that the pulse trains can be observed and the period of
pulse trains can be calculated in the Fig. 3.34 and Fig. 3.36. On the
contrary, in Fig. 3.35, the asynchronous mode-locked pulse trains cannot
be triggered as we expected. So this is the direct way to prove that the
new mode-locked state is synchronous mode-locking instead of

asynchronous mode-locking.
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Chapter 4
Conclusions
4.1 Summary of achievements

In summary, we have demonstrated successfully the following main
achievements.

First, we have successfully achieved the long-term stabilization of a
21 GHz asynchronous rational -harmonic mode-locked Er-doped fiber
soliton laser by the deviation-frequency locking method. The duration of
stabilization can last longer than 2000 seconds and the deviation
frequency shift.can be controlled to be within +1 kHz.

Second, based on the first achievement, we have successfully
calibrated the laser dynamics of the asynchronous: rational harmonic
mode-locked laser and' identified the effective modulation depth is
contributed by the higher order harmonics from the RF amplifier.

Third, we have successfully demonstrated an asynchronous rational
harmonic mode-locked fiber laser with the repetition rate up to 33 GHz.
From the results of Chapter 3.3, the sidemode suppression ratio and
SMSR is very well.

One important thing here is that the pulse repetition rate can go beyond
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the RF amplifier bandwidth in this case.

Finally, we found a new mode-locked state and have designed a
series of experiments to check the characteristics of this new
mode-locked state. Under this new state, the SMSR can be greater than
55 dB, limited by the measurement equipment. The deviation frequency
variation is very small and is related to pumping power proportionally.
From all the experimental results, we conclude this new state is
synchronous mode-locking with sidebands instead of asynchronous

mode-locking.
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4.2 Future work

The thesis work has successfully demonstrated a 33 GHz
asynchronous rational harmonic mode-locked Er-doped fiber soliton laser.
However, the duration of stabilization is too short to measure the laser
dynamics. This is because the intacavity optical power is somewhat
reduced by our new optical delay line, which causes the laser operation to
be not very stable. One obvious solution is to replace with high nonlinear
fibers to enhance the nonlinear  effects. The estimated -effective
modulation depth is also not very close to the experimental values. \We
will exercise-a set of experiments to produce a map with varying
modulation depths. Finally, the new state of synchronous harmonic
mode-locked fiber laser  provides us high SMSR and long-term
stabilization mechanism by the deviation-frequency locking. However,
we still do not exactly know the characteristics of the deviation frequency
in this case. We also do not know why the new state can provide so
excellent performance in the presence of gain dynamics. We shall explore

more about these unknown for the new mode-locked state in the future.
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