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The next generation of fiber-optic communication system demands ultra-high speed data
processing and switching components. Conventional electro-optical parts have reached their
bottleneck both speed-wise and efficiency-wise. The idea of manipulating high speed data in
all-optical domain is gaining more popularity. In this PhD dissertation, I showed the design
and performance analysis of two kinds of ultra-fast all-optical latches, Set-Reset latch and
D-flip-flop, based on two different schemes: (1) cross gain and phase modulation (XGM and
XPM) in quantum dot semiconductor optical amplifiers (QD-SOA) and (2) two-photon
absorption (TPA) in bulk semiconductor optical amplifiers. Design and simulation of a
scheme to realize high speed all-optical encryption and decryption using key-stream
generators and XOR gates based on QD-SOA are included in this dissertation. We also
proposed and simulated all-optical Boolean logic functions with improved output quality
using binary phase shift keyed signal based on QD-SOA. A fiber ring laser system with
charcoal nano-particles as saturable absorber inside the cavity has been designed and
experimentally demonstrated. This fiber ring laser system can generate optical pulse train @
20Gb/s with improved stability and smaller pulse width comparing with the system without
nano-particles in the cavity.

i

High Speed All Optical Switching and Encryption using Ultrafast Devices

Wenbo Li

B.S., Harbin Institute of Technology, Harbin, China, 2009
M.S., Harbin Institute of Technology, Harbin, China, 2011

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy
at the
University of Connecticut
2015

ii

Copyright by

Wenbo Li

2015
iii

APPROVAL PAGE

Doctor of Philosophy Dissertation

High Speed All Optical Switching and Encryption using Ultrafast Devices

Presented by
Wenbo Li, B.S., M.S.

Major Advisor_________________________________________________
Niloy K. Dutta

Associate Advisor______________________________________________
Gayanath Fernando

Associate Advisor______________________________________________
Boris Sinkovic

University of Connecticut
2015

iv

Acknowledgement

I would like to first send my deepest gratitude to my major advisor, Dr. Niloy K.
Dutta, for his guidance, encouragement and understanding during my graduate studies
in the University of Connecticut. Not only had he taught me knowledge and skills
crucial for my career, but the creativity and problem-solving ability as well. More
importantly, Dr. Dutta showed me the importance of concentrating on what matters
most at different stage of my life. What I learned from his sparking wit and cheerful
nature will benefit my whole life.

I would like to thank my associate advisors Dr. Gayanath Fernando and Dr. Boris
Sinkovic for their time, extreme patience, many motivational discussions and
comments on my doctoral dissertation. I would also thank all my committee members
Dr. William Hines and Dr. Peter Schweitzer.

I would like to thank the group members both current and former in Dr. Dutta’s group.
In particular, I would like to thank Dr. Shaozhen Ma who is my mentor. Working with
him and all the discussion with him inspired me a lot in my own research. Without his
help, I wouldn’t be able to get started with the research quickly. I would also like to
thank Mr. Hongyu Hu and Mr. Xiang Zhang. Working with you smart and
hardworking scientists had been an unforgettable memory for me. It’s always pleasure
to discuss problems with these two excellent scientists.
v

I would like to thank all my friends in the physics department, Shu Di, Zhiwei zhang,
Shiqi Yin, Yiteng Tian, Zhihai Zhu, Yi Li, Cheng Tu, Jia wang, and Marko Gacesa.
My conversations with them, whether were personal or scientific, have also benefited
me in many ways.

Finally and most importantly, I would like to thank my family for their support and
care. In order for me to concentrate on my studies in the US, my parents took my part
of family responsibilities all on their shoulders, I know I can never make up for their
sacrifice and love they gave me. I also want to thank my girlfriend Shuai, for her love,
encouragement and sacrifice. She was amazing.

vi

TABLE OF CONTENTS
Chapter 1 Introduction............................................................................................................... 1
1.1.

A Brief History of Fiber Optic Communications ................................................... 1

1.2.

All-optical Switching and Encryption .................................................................... 6

1.3.

Overview of This Thesis......................................................................................... 7

Chapter 2 All Optical Latches Using Quantum-Dot Semiconductor Optical Amplifier ......... 10
2.1 Introduction................................................................................................................ 10
2.2 Schematic of All Optical Latches and QD-SOA Structure ......................................... 11
2.3 Realization of all-optical logic gates using QD-SOA-MZI ....................................... 14
2.4 Simulation result and output quality evaluation ........................................................ 24
2.5 Conclusion ................................................................................................................. 37
Chapter 3 All Optical Latches based on Two-photon Absorption in Semiconductor Optical
Amplifiers ................................................................................................................................ 38
3.1 Introduction................................................................................................................ 38
3.2 Principle of Operation of All-Optical NAND Logic Gate ......................................... 41
3.3 Function and Schematic of all optical latches ............................................................ 46
3.4 Simulation result and output quality evaluation ........................................................ 48
3.5 Conclusion ................................................................................................................. 56
Chapter 4 High Speed All-Optical Encryption and Decryption using QD-SOA ..................... 57
4.2 Schematic of Encryption and Decryption .................................................................. 58
4.3. Generation of the key ................................................................................................ 61
4.4. QD-SOA rate equations and nonlinear effects .......................................................... 66
vii

4.5 Simulation Results ..................................................................................................... 68
4.6. Conclusion ................................................................................................................ 72
Chapter 5 High Speed All Optical Logic Gates using Binary Phase Shift Keyed Signal based
on QD-SOA ............................................................................................................................. 75
5.1 Introduction................................................................................................................ 75
5.2. Operation Principles of all-optical logic gates and schematic of PRBS generation . 76
5.4. QD-SOA rate equations and nonlinear effects .......................................................... 81
5.5. Simulation results ..................................................................................................... 82
5.6 Conclusion ................................................................................................................. 89
Chapter 6 High Speed Ultrashort Pulse Fiber Ring Laser Using Charcoal Nano-particles .... 90
6.1 Introduction................................................................................................................ 90
6.2 Experiment Setup ....................................................................................................... 92
6.3 Harmonic and rational harmonic mode locking ......................................................... 97
6.4 Characterization of charcoal nano-particles............................................................... 98
6.5 Numerical Simulation .............................................................................................. 102
6.6 Effects of charcoal nano-particles ............................................................................ 106
6.7 Conclusion ................................................................................................................ 110
Appendix A Presentation and Publication .............................................................................. 111
A.1 Conference Presentation and Proceedings: .............................................................. 111
A.2 Journal Publications: ................................................................................................ 112
Reference ................................................................................................................................ 114
Chapter 1 ......................................................................................................................... 114
viii

Chapter 2 ......................................................................................................................... 114
Chapter 3 ......................................................................................................................... 118
Chapter 4 ........................................................................................................................ 120
Chapter 5 ........................................................................................................................ 124
Chapter 6 ........................................................................................................................ 128

ix

Chapter 1 Introduction

This introductory chapter is intended to provide an overview of fiber optic communication
and optical switching technologies. Section 1.1, a brief history of fiber optic communications
will be provided. Section 1.2 discussed the advance of optical switching technologies which
are used in communication system. In section 1.3, a brief overview of the entire thesis work
will be introduced.

1.1. A Brief History of Fiber Optic Communications

Fiber optic communication is a method of transmitting information from one place to another
by sending pulses of light through an optical fiber. First developed in the 1970s, fiber optic
communication systems have revolutionized the telecommunications industry and have
played a major role in the advent of the information age.

In 1966 Charles K. Kao and George Hockham proposed optical fibers at STC Laboratories at
Harlow, England and they showed the losses in existing glass was due to contaminants which
could potentially be removed. Intrigued by Kao and Hockham’s proposal, a breakthrough
occurred in 1970 when the fiber loss could be reduced to about 20dB/km in the wavelength
region near 1μm [1]. At about the same time, GaAs semiconductor lasers, operating
continuously at room temperature, were demonstrated [2]. The simultaneous availability of a
1

compact optical source and a low-loss optical fiber led to a worldwide effort for developing
fiber-optic communication systems. Fiber optic communication developed over the years in a
series of generations that can be closely tied to wavelength. Figure 1.1 shows the transmission
windows for fiber optic communication system and losses for the three generations of fibers.
The top, dashed, curve corresponds to early 1980’s; the middle, dotted, curve corresponds to
late 1980’s fiber, and the bottom, solid, curve corresponds to modern optical fibers.

Fiber optic communication systems have five generations of development since its first
implementation. The first-generation lightwave systems operating near 0.8μm became
available in 1980 [3]. They operated at a bit rate of 45Mb/s and allowed a repeater spacing of
about 10km. The second generation of fiber optic communication system was developed for
commercial use in the early 1980s, operated at 1.3μm, and used InGaAsP semiconductor
lasers. However, the bit rate of early systems was limited to below 100Mb/s because of
dispersion in multimode fibers [4]. This limitation was overcome by the use of single-mode
fibers. By 1987, second-generation 1.3μm ligthwave systems, operating at bit rates up to
1.7Gb/s with a repeater spacing of about 50km, were commercially available. The
introduction of third-generation optic communication system operating at 1.55μm with losses
about 0.2dB/km was considerably delayed by larger fiber dispersion near 1.55μm. Scientists
overcame this difficulty by using dispersion-shifted fibers designed to have minimal
dispersion at 1.55μm or by limiting the laser spectrum to a single longitudinal mode. These
developments eventually allowed third-generation systems to operate commercially at
2.5Gb/s with repeater spacing in excess of 100km. The fourth generation of optic
2

communication systems make use of optical amplification for increasing the repeater spacing
and of wavelength-division multiplexing (WDM) for increasing the bit rate [5]. These two
improvements caused a revolution that resulted in the doubling of system capacity every 6
months starting in 1992 until a bit rate of 10Tb/s was reached by 2001. The fifth generation of
fiber-optic communication systems is concerned with extending the wavelength range over
which a WDM system can operate and finding a solution to the fiber-dispersion problem. The
conventional wavelength window convers the wavelength range 1.53-1.57μm and dry fiber
has a low-loss window promising an extension of that range to 1.30-1.65μm. In addition,
several dispersion-compensation techniques have been developed to solve fiber-dispersion
problem. One solution is based on the concept of optical solitions, optical pulses that preserve
their shape during propagation in a lossless fiber by counteracting the effect of dispersion
through the fiber nonlinearity. The fiber transmission capacity has grown by a factor of 109 in
the last three decades through technology breakthrough such as low loss single mode fiber,
EDEA, WDM, coherent transmission and space-division multiplexing (SDM). Figure 1.2
illustrates this trend.

3

Figure 1.1 The transmission windows of silica optical fibers.
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Figure 1.2 The increase of fiber capacity over the last three decades through key
technology breakthrough
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1.2. All-optical Switching and Encryption

The current optical communication system does not work entirely in optical domain. A larger
amount of the switches and data processors are made of electrical circuits which limits the
ultimate speed of the existing lightwave transmission system. One promising solution is
all-optical packet switching networks in which the header recognizing, payload processing,
buffering, and forwarding of optical packets are all carried out in the optical domain, bringing
together the wide fiber bandwidth and high routers forwarding capacity [6]. In addition, the
security of information is very important and all-optical encryption and decryption can be
used to protect the information for future all-optical communication system.

The key building blocks of optical switching and encryption are the all-optical Boolean logic
gates, include XOR, AND, OR, NAND, NOT and functional circuits built using these gates
such as optical latches. It is important to build all-optical logic gates capable for high speed
and high output quality. Previous attempts have been made to realize all-optical Boolean
functions by using bulk or quantum well (QW) semiconductor optical amplifiers (SOA),
whose operation data rate is usually limited to < 40Gb/s. The reason for this limitation is that
bulk or QW SOAs have a relatively long carrier lifetime (~10 ps), making their gain and
phase modulation response to ultrafast injection slow. This results in output distortion and
errors.

6

In order to further enhance operation speed, we have two solutions. First, we can utilize
quantum dot SOAs (QD-SOA) to realize all-optical logic gates. Because of their unique band
structure and density of states, these kind of SOAs are more than 10 times faster in signal
response time which suggests such devices are capable of handling data at speed up to
250Gb/s. The other method involves in the use of two-photon absorption (TPA) effect which
is an ultrafast nonlinear process of SOA. With a high intensity pump light injected into SOA,
a fast changing TPA induced phase shift becomes dominant in the total phase change
experienced by a weak probe signal. As a result, the SOA will quickly respond to the injected
short pulse in the active region which makes it suitable for high speed operation. In order to
obtain better output quality, we can use binary phase shift keyed (BPSK) signal instead of
on-off keyed (OOK) signal to realize all-optical logic gates. Because binary phase shift keyed
(BPSK) signals carry information on the phase part while keeping the amplitude as a constant,
the impairments from optical nonlinear effects and amplified spontaneous emission are
greatly reduced.

1.3. Overview of This Thesis

In this doctoral dissertation, I present my research work on all-optical switching and
encryption devices including logic gates, signal generators and short pulse generator. All these
devices have been experimentally studied or numerically simulated. In chapter 2, I designed
and simulated two kinds of optical latches: Set-Reset (S-R) latch and D-Flip-Flop. These
all-optical latches are building blocks of all-optical packet switching networks. The latches
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are built using two optical logic operations NAND and NOT which are realized by using
Mach-Zhender interferometer (MZI) utilizing semiconductor optical amplifier with quantum
dot active region (QD-SOA). Nonlinear dynamics including carrier heating and spectral
hole-burning in the QD-SOA are taken into account together with the rate equations in order
to realize the all-optical logic operations. Results show that this scheme can realize the
functions of Set-Reset latch and D-Flip-Flop at high speeds (~ 250 Gb/s). The dependence of
the output quality (Q factor) on QD-SOA parameters is also discussed in this chapter.

In chapter 3, another scheme to realize all-optical latches was presented. This scheme is based
on ultrafast phase response in semiconductor optical amplifiers: the two-photon absorption
process. Rate Equations for semiconductor optical amplifiers, for input data signals with high
intensity, configured in the form of a Mach-Zehnder interferometer have been solved. The
input intensities are high enough so that the two-photon induced phase change is larger than
the regular gain induced phase change. The process is simulated similar to what is done in
Chapter 2 and results show that optical latch can work at speed up to 250 Gb/s.

In chapter 4, I introduced the design of a scheme to realize high speed all-optical encryption
and decryption using key-stream generators and XOR gate based on quantum-dot
semiconductor optical amplifiers (QD-SOA). The key used for encryption and decryption is
high speed all-optical pseudo random bit sequence (PRBS) which is generated by a linear
feedback shift register (LFSR). Two other kinds of more secure key-stream generators,
cascaded design and parallel design, have been designed and investigated in this chapter.
8

Results show that this scheme can realize the function of encryption and decryption at high
speed (~ 250 Gb/s).

In chapter 5, I showed my design and simulation of a scheme to realize all-optical Boolean
logic functions, XOR, AND and NAND operations using binary phase shift keyed (BPSK)
signal instead of on-off keyed (OOK) signal with a pair of QD-SOA Mach-Zehnder
interferometers based on QD-SOA. Results show that this scheme is suitable for high speed
(@250Gb/s) all-optical Boolean logic operations and can improve the output quality
comparing with the system using OOK signal.

In chapter 6, a fiber ring mode-locked laser system with charcoal nano-particles inside the
cavity has been designed and experimentally demonstrated. The characterization of charcoal
nano-particles and the setup of the experiment are also shown in this chapter. Both numerical
simulation and experimental measurement are conducted. Results show that this fiber ring
laser system can generate more stable and shorter pulse train at 20Gb/s through rational
harmonic mode locking.

9

Chapter 2 All Optical Latches Using Quantum-Dot Semiconductor
Optical Amplifier
2.1 Introduction

All-optical latches are important for a wide range of applications including communication
systems, optical random access memory (RAM) and encryption. For communication system,
it can be used for SONET scrambling and descrambling. The basic optical latches are the
Set-Reset latch and the D-Flip-Flop. Both of these types of devices can be built using Boolean
logic operations such as NAND and NOT. These operations are also important for all-optical
signal processing such as bit pattern matching, pseudo random bit sequence (PRBS)
generation and label swapping.

Researchers have demonstrated Boolean optical logic using different schemes, including
using dual semiconductor optical amplifier (SOA) Mach-Zehnder interferometer (MZI) [1, 2],
semiconductor laser amplifier (SLA) loop mirror [3], ultrafast nonlinear interferometer (UNI)
[4], four-wave mixing (FWM) in SOA [5] and cross gain (XGM)/cross phase (XPM)
modulation in nonlinear devices [6]. To the author’s knowledge, optical logic gates have been
demonstrated at 40 Gb/s [7] and demultiplexing at 160 Gb/s [8] using regular SOA based
Mach-Zhender interferometer. In order to realize higher speed data processing, faster device
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and schemes are needed. The emergence of semiconductor optical amplifiers with quantum
dot active region, i.e. QD-SOA, in recent years, provides a faster device for signal processing.
QD-SOAs have high saturated output power, low noise figure [9], fast carrier relaxation rate
between QD energy states [10, 11] and a much smaller carrier heating impact on gain and
phase recovery times [11] which makes them suitable for high speed Boolean logic
operations.

In this chapter, I presented a model to simulate two basic all optical latches: Set-Reset Latch
and D-Flip-Flop which are built using two optical logic operations NAND and NOT. Both the
NAND and NOT operations are realized by using QD-SOA MZI in this model. The NAND
gate is constructed using a series combination of AND and NOT gates. Results show that
these all optical latches, Set-Reset and D-Flip-Flop, can be realized with a good output quality
at high data rates (Q factor is about 7 @ ~ 250Gb/s). Other schemes to realize optical latches
include vertical-cavity surface-emitting lasers (VCSELs) based optical switches and
programmable optical logic [12] and optical logic operations in photonic crystal structure [13].
We believe, compared to the above schemes, the quantum dot SOA based MZI is capable of
higher speed operation and relatively compact.

2.2 Schematic of All Optical Latches and QD-SOA Structure

The Set-Reset Latch can be considered as one of the most basic logic circuit possible. This
simple latch is basically a one-bit memory bistable device that has two inputs, one of which
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will "SET" the device (meaning the output = "1"), and another which will "RESET" the
device (meaning the output = "0"). Then the SR description stands for "Set-Reset". The reset
input resets the flip-flop back to its original state with an output Q that will be either at a logic
level "1" or logic "0" depending upon this set/reset condition. The simplest way to make
Set-Reset Latch is to connect together a pair of cross-coupled 2-input NAND gates. The
schematic of Set-Reset Latch and the truth table for the Set-Reset function are showed in
Figure 2.1.

The D-Flip-Flop is also widely used as the building block of a logic circuit. It is also known
as a data or delay flip-flop. The D-Flip-Flop captures the value of the D-input at a definite
portion of the gate cycle (such as the rising edge of the gate pulse). That captured value
becomes the Q output. At other times, the output Q does not change. The D- Flip-flop can be
viewed as a memory cell, a zero-order hold, or a delay line. We can use the NAND and NOT
gates to make a D-Flip-Flop. The schematic of D-Flip-Flop and the truth table for D-Flip-Flop
function are showed in Figure 2.2.

To meet the requirements for high speed switching and signal processing in the
communication band, a quantum dot-based device needs to have high power gain over a
spectral band covering 1.3–1.6 µm wavelength range. The device also needs compatible with
a current-confining structure for a high current density. For these requirements, researchers
have chosen InAs Stranski–Krastanow (SK) QDs in InGaAsP on an InP (100) substrate
[14-15]. This material is also fully compatible with the well-established processing technique
12

on an InP substrate. The parameters I used throughout this dissertation were measured with a
device having a tilted waveguide (8 degree off angle) and window structure to suppress lasing
action. The waveguide length, stripe width, number of QD layers, and density of QDs are 6.15
mm, 2.2 µm, 22, and 9 × 1010 cm-2 , respectively [14]. The 22 stacks of QD layers were
sandwiched between 160 nm thick InGaAsP separate confinement heterostructure layers. The
structure of the waveguide is

Figure 2.1: The left figure is the schematic of the Set-Reset Latch. The right figure is the truth
table for the Set-Reset function.
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Figure 2.2: The left figure is the schematic of the D-Flip-Flop. The right figure is the truth
table for D-Flip-Flop function.

shown in figure 2.3 (a). The active layer of the device consists of alternately stacked InAs
island layers and InGaAsP intermediate layers, as shown in figure 2.3(b). This type of dots
configuration can significantly increase the modal gain of the SOA and has
polarization-independent gain [15]. The device is anti-reflection coated at both facets.

2.3 Realization of all-optical logic gates using QD-SOA-MZI

The device we studied in this chapter is InAs/GaAs QD-SOA, with InAs Stranski-Krastanov
(SK) quantum dots embedded in GaAs layer [16, 17]. This type of device can provide ~15dB
gain at wavelength 1550nm with noise figure as low as 6-7dB. In this chapter, I used the
two-level quantum dot (QD) model [18, 19] to simulate the carrier transitions [20-23] in the
device. The QD model we use here is schematically illustrated in Figure 2.4. The GaAs layer
is the “wetting layer” in Figure 2.4 which used to feed the ground state and excited state with
14

carriers through interstate recombination. External current is applied to the device and mostly
accumulated in the wetting layer.

We use rate equations to describe gain and phase dynamics in QD device. The rate equations
are as follows:
dN w
N
N
N
N
N
I

 w  w (1  es )  es (1  w )
dt
eV  wr  we
Nesm  e w
N wm

(3.1)
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N
N
  es  w (1  es )  es (1  w ) 
(1  es )  es (1 
)
dt
 esr  we
N esm
 ew
N wm
 g e
N esm
 e g
N gsm

(3.2)

dN gs
dt



N gs

 gsr



N gs

 g e

(1 

N gs
N gs
N es
N
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)  es (1 
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(3.3)

where Nw, Nes and Ngs are the carrier density of the wetting layer, QD excited state and QD
ground state, respectively. Гd is the ratio of the intensity of light coupled into the active layer
to the total input light, referred to as the confinement factor. Ad is the effective cross-section
area of the quantum dot effective layer, I is the injected current, V is the effective volume of
the active layer, a is differential gain, S(t) is photon density in the active region. τwr,

τesr and

τgsr are the carrier lifetimes of the energy levels, respectively; τa-b is the carrier relaxation time
from QD energy level a to level b (a, b being “w”, “e” or “g” for wetting layer, excited state
and ground state, respectively). We can simplify the equations (3.1-3.3) by normalizing all the
terms using the maximum density of carriers in each of the states, Nw, Nes and Ngs.
w

Nw
N wm

(3.4)

h

N es
N esm

(3.5)

f 

N gs

(3.6)

N gsm

Thus the rate equations are simplified to:
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(3.7)
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where w, h and f are the occupation probabilities of the wetting layer, the QD excited state and
ground state, respectively.
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Figure 2.3 (a) Structure of an InAs/InGaAsP/InP semiconductor optical amplifier fabricated
on an InP substrate [17]. The inset is a picture of fiber-pigtailed butterfly module with
temperature controller.
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Figure 2.3 (b) Structure of columnar quantum dot (CQD) with a number of layers [19], SCH:
separate confinement heterostructure.
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Figure 2.4: Schematic of QD states and carrier transitions of InAs/GaAs QD-SOA.
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The gain dynamics in the QD-SOA include the contribution from the carrier density pulsation
dynamics and nonlinear processes including carrier heating (CH) and spectral hole-burning
(SHB) effect. Generally, the linear part of gain coefficient is based on the stimulated emission
from the QD ground state to the valence band:
gl   d a ( N g  Nt )

(3.10)
where Nt is the transparent carrier density of the QD ground state. The suppression of the gain
coefficient brought by nonlinear CH and SHB effects can be expressed as:
(3.11)

g (t )  g l  g CH  g SHB

To a first approximation, ΔgCH and ΔgSHB are proportional to instantaneous light intensity S(t).
gCH   CH gS (t )

(3.12)

g SHB   SHB gS (t )

(3.13)

where εCH and εSHB are the gain suppression factors of carrier heating and spectral hole
burning effect, respectively. From (3.11 – 3.13) we can get [11, 22]:
g (t ) 

a( N  Nt )
1  ( CH   SHB ) S (t )

(3.14)

The injected light and changed temperature result from carrier heating also changes the
refractive index of the active region, and thus a phase change to any probe wave injected.
1
 (t )   ( Gl (t )  CH GCH (t ))
2

(3.15)

where Gl(t)=eg(t)l is the gain factor of the device with l being the effective length of the active
layer, α and αCH are the linewidth enhancement factor of the device and that corresponding to
carrier heating process, respectively. The linewidth enhancement factor due to spectral hole
burning (SHB) is ~ 0.
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We can use the QD-SOA MZI system to realize all-optical AND, NOT logic operations. As is
shown in Figure 2.5, two identical QD-SOAs form the two arms of the Mach-Zhender
interferometer (MZI), three optical data streams centered at two different wavelengths are
coupled into these two arms, where the control beam at λ2 is evenly split into two branches at
port 3 and guided into the two QD-SOAs respectively. The two beams then interact with

data stream A, B and will experience a modulated gain and phase via XGM and XPM
processes. The two branches recombine at port 4, the phase shifters give the two arms an
initial phase difference, after a band-pass filter which screen out wavelength components λ1,
the interference result which is at λ2 is expressed as [2]:
Pout  t  

Pcb  t 
4

G1  t   G2  t   2 G1  t  G2  t  cos 1  t   2  t   0  



(3.16)

where Pcb(t) is the time-dependent power of control beam. ϕ1 and ϕ2 are phases experienced
by the control beam in each arm. We set the initial phase difference between the two arms ϕ0
as π so the above equation becomes:
Pout  t  

Pcb  t 
4

G1  t   G2  t   2 G1  t  G2  t  cos 1  t   2  t   



(3.17)

In order to realize all –optical XOR logic gate, we can set control beam as clock wave at the
same repetition rate as data A and B. When A = B = 0 or A = B = 1, the control beams in each
arm will see the same cross gain or phase modulation as they go through the QD-SOA. And
the output branches of the control beam will have a destructive interference pattern at output
because of the initial π phase difference, and the output will be 0 at wavelength λ2. When

A  B , the branches of control beam will undergo different gain and phase modulation so we
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can have a constructive interference at output port if we can change the power of modulating
data streams A and B to make ϕ1- ϕ2=π, in this case the output will be 1 for wavelength λ2,
which is the same as logic A XOR B. Similarly, if we use a clock signal as date B which is
put into port 2, put data A into port 1, and use optical CW as control beam, we can get out of
port 4 data pattern of A XOR “1”, which is the same in terms of truth value as “INVERT A”.
We can also use a similar MZI scheme [24] to realize all-optical logic AND operation based
on QD-SOA. By putting data A to port 1 and using data B as control beam, we can get gain
modulated pattern of data B out of port 4 resembling logic A AND B. To make results better
in quality, a low power CW light is used into port 2 to cancel out the background noise of date
stream A.

Because the NAND operation is just a series combination of AND and NOT operations, then
we can realize the logic NAND operation by using this QD-SOA-MZI scheme. As shown in
Figure 2.6, the first QD-SOA-MZI serves in the system as an optical logic AND gate. After
screening out all other wavelength components using a band-pass filter (BPF), the A AND B
output data stream (λ2) is amplified to desired power by an amplifier and guided into port 5 as
data to one arm of the second MZI for INVERT operation. In this way, the result centered at
λ1 coming out of port 8 will be the INVERT of signal injected into port 5, which is the same
as logic A NAND B. From section 2.2, we know NAND logic gate is the building block of
all-optical latches such as Set-Reset and D-Flip-flop. Thus, we can use the above
QD-SOA-MZI system to realize all-optical latches.
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Figure 2.5: Schematic of QD-SOA Mach-Zehnder Interferometer. BPF: bandpass filter

23

Figure 2.6: Schematic of all-optical NAND logic gate based on QD-SOA-MZI.

2.4 Simulation result and output quality evaluation

Parameters chosen for simulation in this chaper are experimental results on QD-SOAs for
central wavelength: 1.55μm: τwr=τesr=200ps, τgsr=50ps, τw-e=3ps, τe-w=300ps [25], τg-e=10ps,
Γd=10%, linewidth enhancement factors α=4, αCH=0.2 [26,27], QD energy levels’ densities of
states, nw=5.4×1017cm-3, nw:ne:ng≈15:2:1 [19], QD areal density is 7.5×1010cm-2, saturated
output power is 18dBm at 1.55μm wavelength [8], device differential gain a=8.6×10-15cm2
[17], effective length l=1.0mm, transparency pump current density is ~0.2kA/cm2 [11], gain
suppression factors are εCH=0.5×10-23m3, εSHB=7.5×10-23m3 [26], which correspond to
threshold input pulse energy for both nonlinear effects ~0.47pJ. Value of time constant τe-g has
been measured in many experiments, the smallest reported value is ~0.1ps [11] and the largest
measured value goes up to several picoseconds [19]. We have not taken into account the
inhomogeneous broadening associated with different dot sizes. But it is indirectly taken into
account in the form spectral hole burning. In a QD the inhomogeneously broadened spectrum
range could be small because it requires carrier transport among QDs: a QD has discrete
transition wavelengths and carrier relaxation to another wavelength involves transition to
another QD [22].

Spectral hole burning in the inhomogeneously broadened gain of QDs has been
experimentally studied and is believed to be due to carrier transfer to another QD [22]. The
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carrier relaxation mechanisms such as spectral hole burning (SHB) and carrier heating in QD
amplifiers has been extensively studied both in the absorption (low injection current) and gain
(high injection current) regime using pump–probe experiments [23]. These authors find that in
QD amplifiers, the fast gain recovery is dominated by the ultrafast SHB process. They point
out that the gain recovery in QD amplifiers involves several processes such as electron and
hole transfer to another QD, two-photon absorption, Auger effect and carrier relaxation from
excited to ground state; and one of the difficulties in interpreting the pump-probe data is that
all of these processes occur simultaneously. When an optical pump pulse is injected, a
depletion of gain occurs due to stimulated transitions induced by the input pulse. The gain
recovery process involves carrier transfer from another QD, the carrier transfer from a higher
QD level and carrier transfer from wetting layer. At high pump energy, additional gain change
due to two-photon absorption (TPA) is present which also recovers by some of the above
processes. It has been suggested that the carrier relaxation corresponding to the fast SHB
related gain recovery occurs probably via Auger scattering from the quantum dot excited
states [23]. The spectral hole burning and carrier heating in our model represents these fast
carrier transitions. The transition from the excited state to the ground state is a fast mechanism
for repopulation of the ground state (and hence nearly complete gain recovery) of a QD
following an optical pulse. Thus the wetting layer and the excited state represents a reservoir
of carriers available for fast gain recovery. This is the main reason for fast gain and phase
recovery and hence higher speed operation using quantum dot based semiconductor optical
amplifiers relative to thick active region or quantum well amplifiers.
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Simulated results of logic gate NAND, Set-Reset latch and D-Flip-Flop are shown in Figure
2.7, 2.8 and 2.9, respectively. The output eye-diagram is also plotted to show the output
quality. Quality of the output can also be quantitatively evaluated by the quality factor, which
is defined as Q=(S1-S0)/(σ1+σ0) [28]. Here S1 and S0 are the average peak powers of output
“1”s and “0”s, of the output respectively; σ1 and σ0 are their standard deviations. The noise of
“1” and “0” in the output determine the standard deviation used in the Q-factor calculation.
The lower level of the output is essentially the noise of “0” level. The quality factor is related
to the gate’s bit-error rate (BER) in terms of BER 

exp(Q 2 / 2)
Q 2

[28]. From the simulated

results in Figure 2.7, 2.8 and 2.9, we show that all-optical Set-Reset latch and D-Flip-Flop
operation @ ~ 250 Gb/s is feasible.

The primary noise in this calculation is due to pattern effects resulting from long recovery
time (longer than bit length) of gain [11] and gain induced phase change i.e. the phase change
produced by a given bit depends on the prior sequence of bits. We have also included noise
due to amplified spontaneous emission (ASE). The ASE power is related to NSP (spontaneous
emission factor) by the relation [28]:
PASE  N SP (G  1) h B0

(3.18)
where G is the maximum gain, h is Plank's constant, υ is the frequency (υ = c/λ) and B0 is the
band width. The ASE noise is added numerically using the above equation to the pattern
effect noise to obtain the Q-factor. When adding the ASE noise to the simulation program, we
choose G=1000, NSP=2, λ= 1550 nm, B0=3 nm.
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Figure 2.7: Date A and Date B are shown in the left. Simulated results of output (NAND) and
eye pattern of the output are shown in the right. The above set of figures is for 250Gb/s data
rate.
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Figure 2.8: Set and Reset are shown in the left. Simulated results of output (Q) and eye
pattern of the output are shown in the right. The above set of figures is for 250Gb/s data rate.
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Figure 2.9: Date and Gate are shown in the left. Simulated results of output (Q) and eye
pattern of the output are shown in the right. The above set of figures is for 250Gb/s data rate.
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The above formulation takes into account the ASE noise in a time averaged form. The ASE
noise adds a noise term to the average value of “0” and “1” output bits. Thus a larger ASE noise
(for example due to larger spontaneous emission factor) would increase the average intensity of
the “0” level and hence reduce the signal to noise ratio (Q factor as defined earlier). The pattern
effect noise of “1” and “0” in the output determine the standard deviation used in the Q-factor
calculation.

Figure 2.10 shows us the dependence of Q factor on pulse energy and speed of operation.
From the result we find that the Q factor increases as pulse energy increases from 0.1pJ to ~
0.5pJ and then decreases as pulse energy increases when pulse energy is larger than ~ 0.5pJ.
The Q factor also decreases as bit-rate increases. This can be explained as: when pulse energy
is less than ~ 0.5pJ, the ASE noise plays a significant role and the Q-factor increases with
increasing power. For higher single pulse energies, the carrier density in the active region of
the device is depleted more and it takes a longer time to recover to the initial level, therefore
leading to bigger pattern effect (i.e. pattern effect plays a larger role) and Q factor decreases.
The ideal NSP value is NSP=2. Since the spontaneous emission factor (NSP) can vary (in the
range of 2 to 8), the Q factor has also been calculated using NSP=6. The result is shown in
Figure 2.11. As expected the Q values of Figure 2.11 are less than that for Figure 8 due to
higher noise.
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Figure 2.10: The dependence of calculated quality factor Q on pulse energy for different
bit-rates. Pulse width is 1/3 of the pulse period for the three bit-rates. (Top: Set-Reset Latch,
Bottom: D-Flip-Flop). The three curves are for data rates of 100, 160 and 250 Gb/s
respectively. NSP=2.
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Figure 2.11: The dependence of calculated quality factor Q on pulse energy for different
bit-rates. Pulse width is 1/3 of the pulse period for the three bit-rates. (Top: Set-Reset Latch,
Bottom: D-Flip-Flop). The three curves are for data rates of 100, 160 and 250 Gb/s
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respectively. NSP=6
We also calculated the dependence of Q-factor on carrier transition lifetime and injected
current density. Figure 2.12 shows the dependence of Q-factor on transition lifetime and
speed of operation. From the result we find that the Q factor decreases as transition lifetime
and bit-rate increases. This can be explained as follows: the transition lifetime determines the
speed of gain and phase recovery in the active region so Q factor is higher for shorter
transition time. Figure 2.13 shows the dependence of Q factor on injected current density and
input pulse width. From the results we find that at low injected current level (J<1.5 kA/cm2),
the Q factor is lower and increases as current density increases. This can be explained as: with
increased current density, more carriers are injected to the wetting layer, thus each QD energy
level recovers faster to initial carrier density level after depletion following pulse injection
and amplification. This reduces the pattern effect considerably. For higher current density
(J>2 kA/cm2), the increase in J will have a smaller impact on the gain recovery process
because of carrier saturation. Also, narrower the input pulse (less energy and hence less
carrier depletion) results in better performance (higher Q).

The main parameters in the model which determine the performance at high speed are: (i)
transition time from the excited state to the ground state, (ii) the injected current density in the
QD-SOA and, (iii) the amplified spontaneous emission noise. The dependence of Q-factor on
these major parameters has been calculated and analyzed.
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Figure 2.12: The dependence of calculated quality Q on transition lifetime for different
bit-rates. Pulse width is 1/3 of the pulse period for the three bit-rates. (Top: Set-Reset Latch,
Bottom: D-Flip-Flop). The three curves are for data rates of 100, 160 and 250 Gb/s
respectively.
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Figure 2.13: The dependence of calculated quality factor Q on injected current density for
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different pulse width. (Top: Set-Reset Latch, Bottom: D-Flip-Flop). The four curves are for
pulse width of 1.0ps, 1.5ps, 2.0ps and 2.5ps respectively.

2.5 Conclusion

In this chapter I designed and modeled high speed all optical Set-Reset Latch and D-Flip-Flop
which are built using two optical logic operations NAND and NOT. Both NAND and NOT
operations are realized using QD-SOA (semiconductor optical amplifier with quantum dot
active region) based Mach-Zehnder Interferometer in this model. Results show that this model
can perform the basic function of Set-Reset Latch and D-Flip-Flop at high bit-rates of ~ 250
Gb/s. The impact of the high speed output quality (Q factor) on a number of parameters,
including speed of operation, transition lifetime τe-g and pulse energy has been studied and
discussed. Results show that for best output quality for high data rate operation (~ 250Gb/s),
this system requires single pulse energy of <1.0pJ, shorter transition lifetime τe-g (<3ps), and
narrow input pulse width (FWHM~1.0ps).
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Chapter 3 All Optical Latches based on Two-photon Absorption in
Semiconductor Optical Amplifiers
3.1 Introduction

Optical latches are important for a wide range of applications including communication
systems, optical logic systems, optical random access memory (RAM) and encryption. For
communication system it can be used for SONET scrambling and descrambling. The basic
optical latches are the Set-Reset latch and the D-Flip-Flop. Both of these types of devices can
be built using Boolean logic operations such as NAND and NOT. These operations are also
important for all-optical signal processing such as bit pattern matching, pseudo random bit
sequence (PRBS) generation and label swapping.

In recent years, researchers have demonstrated Boolean optical logic using different schemes,
including using dual semiconductor optical amplifier (SOA) Mach-Zehnder interferometer
(MZI) [1, 2], semiconductor laser amplifier (SLA) loop mirror [3], ultrafast nonlinear
interferometer (UNI) [4], four-wave mixing (FWM) in SOA [5] and cross gain (XGM)/cross
phase (XPM) modulation in nonlinear devices [6]. Among the above schemes, the SOA based
MZI has the advantage of being relatively stable, simple and compact. To my knowledge,
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however, all these schemes have a limitation of signal bit rate of up to 40 or 80 Gb/s. A
scheme for higher date rate logic using quantum dot (QD) based optical amplifiers [7-9] has
been analyzed. It is also known that two-photon absorption of a pump beam can result in fast
phase change of a probe signal [10-14]. Pump–probe experiment have shown that phase
changes take place in a duration ~1ps or less when the pump and probe signals are injected
into a semiconductor optical amplifier [10-13]. The magnitude of TPA induced phase shift can
be expressed as [11, 12]:

   1/ 2   2 S  t  L

(3.1)

where β is TPA coefficient, α2 is linewidth enhancement factor due to TPA process, S(t) is the
light intensity, and L is the effective length of SOA active region. The negative sign represents
the observation that the two-photon absorption (TPA) induced phase change is in an opposite
direction from that for gain change induced phase change [10, 12]. The typical α2 value of
bulk SOA is around -4 [12], TPA coefficient β is between 20 and 35cm-1/GW [10, 11]. If a 250
Gb/s pulse train with an average input power 20 mW and pulse FWHM (full width at half
maximum) of 0.5 ps is injected into SOA with an mode cross section 0.5μm2, the peak light
intensity would be ~32MW cm-2. For SOA with an effective length of 7 mm, TPA coefficient
β=30cm/GW, and α2= -4; the peak phase change experienced by the probe is ~ 0.4π. This
phase change is large enough for temporal interference of probe pulses traveling through the
two arms of the MZI.

The optical powers needed for XGM (cross gain modulation) and XPM (cross phase
modulation) are considerably smaller (~ 1mW). Thus both XGM and XPM are present when
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the SOA is used in a Mach-Zhender interferometer (MZI) configuration to form the logic
gates. However, these processes are proportional to the power and are slow (time scale ~ 20
ps) compared to the two-photon absorption (TPA) related phase change which is fast (time
scale ~ 0.5 ps) and is proportional to the square of the power. Thus high powers are necessary
for TPA based MZI. The input average power of the SOA used in this chapter to obtain
significant two-photon absorption is 20 mW which corresponds to a peak power of 160 mW
at 250 Gb/s when the input pulse width (used in the simulation here) is 0.5 ps. Although this
peak power seems high at first glance, Ref. [11] reports measurements on SOAs with high
optical peak power. An optical pulse with an energy of 1 pJ in a 200 fs wide pulse has a peak
power of 5 W. Measurements at high peak power (a few W) are also reported in Ref. [13].
Thus a few hundred mW of peak power in an ultra-short pulse is acceptable for SOAs. The
effect of other nonlinearities such as four wave mixing (FWM) is eliminated (or minimized)
in the output with the use of a bandpass filter.

In this chapter, I presented a model to simulate two basic all optical latches: Set-Reset Latch
and D-Flip-Flop which are built using two optical logic operations NAND and NOT. Both the
NAND and NOT operations are realized by using the ultrafast phase response during
two-photon absorption (TPA) process in semiconductor optical amplifiers (SOA) in this
model. The NAND gate is constructed using a series combination of AND and NOT gates.
NAND gate is important because other Boolean logic elements and circuits can be realized
using NAND gates as basic building blocks. Results show that all these optical latches,
Set-Reset and D-Flip-Flop, can be realized with a good output quality at high data rates (Q
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factor is about 7 @ ~ 250Gb/s).

3.2 Principle of Operation of All-Optical NAND Logic Gate

NAND gates are built using semiconductor optical amplifier based Mach-Zhender
interferometer (SOA-MZI). The SOA-MZI consists of two semiconductor optical amplifiers
(SOAs) configured in the form of a Mach-Zhender interferometer with additional phase
shifters in each arm (the elements in the square block in Figure 3.1). The first SOA-MZI
serves in the system as an optical AND gate. Date stream A (centered at λ1) is coupled into
port 1 and a low power CW (wavelength λ1) light is coupled into port 2, while date stream B
(centered at λ2) is split at port 3 and sent into both SOAs. The bandpass filter (BPF) is set to
pass wavelength λ2. The phase shifters in the interferometer are adjusted so that in the absence
of any inputs to ports 1 and 2, there is a phase difference of π between the two arms so that if
B=1, A= 0, the output is 0. If B=0, the output is always 0. If A=1 (in port 1), a phase change
of ϕ is produced by data A on data B through cross phase modulation (XPM) and two-photon
absorption (TPA) process for the upper arm in Figure 3.1, then the output approximately
becomes IB(1+ Cos (π+ϕ)) where IB is the intensity of the data stream B. As expected, this
intensity is maximum when ϕ= π, a departure from ϕ= π simply reduces the signal to noise
ratio. Thus the output light centered at λ2 coming out of port 4 is 1 only if A=1 and B=1,
which is logic operation A AND B. To make results better in quality, a low power CW light
goes into port 2 to reduce the noise of data stream A [15]. After screening out all other
wavelength components using a band-pass filter (BPF), the A AND B output data stream (λ2)
is amplified to desired power by an amplifier and guided into port 5 as data to one arm of the
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second MZI for INVERT operation (described below).

The output of first stage (A AND B) is coupled into port 5 (which goes through one SOA),
and a clock pulse train (all 1’s) with the same pulse shape and pulse energy (centered at λ2) is
injected to port 6 (which goes through a second SOA). A CW light (wavelength λ1) is injected
into port 7 (center port). This light (wavelength λ1) is split and goes through both SOAs. The
bandpass filter (BPF) is set to pass wavelength λ1. The phase shifters in the interferometer are
adjusted so that in the absence of any inputs to ports 5 and 6, there is a phase difference of π
between the two arms so that if input 5 is 1, and since input 6 is always 1, the output is 0. If
input 5 is 0, and since input 6 is always 1, the output is 1. Thus the result at port 8 will be
INVERT of port 5 input, i.e, INVERT of A AND B, which is the same as logic A NAND B.

Logic gates utilizing cross-phase modulation (XPM) process in SOAs have previously been
studied [16, Chapter 9, 2-6]. A major difference between the current scheme and pervious
work is that the input data pulses are of sufficiently short duration, and has higher peak power,
as a result the pulse are of higher intensity to produce two-photon absorption and the resulting
fast phase change. The average power of the data pulses are about a factor of 20 higher than
that used in previous work and the pulse duration is shorter (<1ps). The MZI output can be
expressed as:
Pout  t  

Pin  t 
4

G1  t   G2  t   2 G1  t  G2  t  cos 1  t   2  t   



(3.2)

where Pin is the input optical power of the weak probe signal, G1 and G2 are the gain in two
arms of SOA-MZI, ϕ1-ϕ2 is the phase difference of the probe signal in two arms.

42

Figure 3.1: Schematic of a NAND logic gate using two Mach-Zehnder interferometers in
series configuration.
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Figure 3.2: Calculated gain and phase change in a SOA due to a series of pulses shown in (a).
(b) - gain modulation as a function of time, (c) – cross phase modulation (XPM) due to carrier
density modulation as a function of time, (d) - total phase modulation including two-photon
absorption as a function of time. Note the periodic total phase change is primarily due to
two-photon abs. in (d).
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The temporal gain and phase change in the SOA has been analyzed by a numerical solution of
the SOA rate equations taking into account two-photon absorption. The time dependent gain
of the SOA satisfies the temporal gain rate equations [16, 17]:
dhl  t 
dt
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dt
dhSHB  t 
dt
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dhCH  t 
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(3.5)

where h(t) is an integral of contributions of different gain saturation processes over the
effective length of SOA and htotal equals the sum of hl, hCH, and hSHB. τc is the carrier lifetime,
exp[h0]=G0 is the unsaturated power gain, Esat=Psatτc is the saturation energy of the SOA, Psat is
the SOA’s saturation power, P(t)= κS(t) is the input pump power inside the SOA active region,
S(t) is the intensity, and κ=ћωσvg is the conversion factor between the two; σ is SOA active
region cross section, vg is group velocity is SOA; hl(t), hCH(t), and hSHB(t) are gain factor
functions for linear gain and gain contributed by carrier heating and spectral hole burning
effects, respectively. Eqs. (3.4) and (3.5) account for the intraband carrier dynamics. The
carrier density induced phase change is given by:
1
2

1
2

  t     hd  t   CH h CH  t    2 S  t  L

(3.6)

where α is the linewidth enhancement factor (i.e. α=5), αCH is the carrier heating alpha factor
(i.e. αCH=1), other SOA parameters are as follows: Psat=30mW, G0=10dB, τc=30ps,
τFWHM=0.5ps, τSHB=100fs, τCH=300fs, εSHB=εCH=0.2m2/W [15, 16]. Note that a low gain of
10dB reduces the amount of gain induced phase change which is slower than the two-photon
absorption related phase change. And the second term in Eq. (3.6) is due to two-photon
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absorption. Here, we use α2=-4 [10, 11].

The total phase dynamics used in the model here includes both the fast (TPA induced) phase
change and the relatively slow cross phase modulation and cross gain modulation induced
phase change. The calculated change in gain and phase as a function of time when a pulse
train @ 250 GHz is injected into the SOA is shown in Figure 3.2. The pulse width (full width
at half maximum) is 0.5 ps, the average power is 21 mW and the SOA cross section is 0.5
μm2.

3.3 Function and Schematic of all optical latches

The Set-Reset Latch can be considered as one of the most basic logic circuit possible. This
simple latch is basically a one-bit memory bistable device that has two inputs, one of which
will "SET" the device (meaning the output = "1"), and another which will "RESET" the
device (meaning the output = "0"). Then the SR description stands for "Set-Reset". The reset
input resets the flip-flop back to its original state with an output Q that will be either at a logic
level "1" or logic "0" depending upon this set/reset condition. The simplest way to make
Set-Reset Latch is to connect together a pair of cross-coupled 2-input NAND gates. The
schematic of Set-Reset Latch and the truth table for the Set-Reset function are shown in
Figure 3.3. In addition, Figure 3.4 shows the schematic of the S-R latch with the all-optical
NAND gates (from Figure 3.1) explicitly drawn in the schematic of Figure 3.3.
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Figure 3.3: The left figure is the schematic of the Set-Reset Latch. The right figure is the truth
table for the Set-Reset function.

Figure 3.4: Schematic of a Set-Reset latch. The figure shows all the SOA-MZIs.
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The D-Flip-Flop is widely used as the building block of a logic function. It is also known as a
data or delay flip-flop. The D-Flip-Flop captures the value of the D-input at a definite portion
of the gate cycle (such as the rising edge of the gate). That captured value becomes the Q
output. At other times, the output Q does not change. The D- Flip-flop can be viewed as a
memory cell, a zero-order hold, or a delay line. We can use the NAND and NOT gates to
make a D-Flip-Flop. The schematic of D-Flip-Flop and the truth table for D-Flip-Flop
function are showed in Figure 3.5. Similarly, Figure 3.6 shows the schematic of the
D-Flip-Flop with the all-optical NAND gates (from Figure 3.1) explicitly drawn in the
schematic of Figure 3.5.

3.4 Simulation result and output quality evaluation
For NAND operation, we assume the data stream pulses (A and B) to be Gaussian pulses, i.e.
PA, B (t ) 



a

n 

nA, B

2 ln 2 P0

 FWHM

 4ln 2  t  nT 2 

exp  
2


 FWHM



(3.7)

where P0 is the energy of a single pulse, anA,B represents nth data in data stream A and B, anA,B=
1 or 0. To simulate the NAND gate performance, we assume both input signals are of RZ
type. The pseudo random sequence is generated using a random number generator in the
software used for modeling. Simulated results of logic gate NAND is shown in Figure 3.7.
Similar process is used for generation of Set/Reset pulses for S-R latch and Data/Gate pulses
for D-Flip-Flop respectively. The output eye-diagram is also plotted to show the output
quality.
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Figure 3.5: The left figure is the schematic of the D-Flip-Flop. The right figure is the truth
table for D-Flip-Flop function.

Figure 3.6: Schematic of a D-Flip-Flop. The figure shows all the SOA-MZIs.
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Figure 3.7: Date A and Date B are shown in the left. Simulated results of output (NAND) and
eye pattern of the output (Q) are shown in the right. The above set of figures is for 250Gb/s
data rate.

50

Figure 3.7 shows the calculated NAND results for 250 Gb/s input data using the above
equations, signal A has (10110111) pattern, and signal B has (11010011) pattern. Signals A
and B are on the left and the NAND (01101100) output is on the upper right. The bottom right
shows the eye diagram. The eye diagram is obtained by superimposing the output of 50
separate pseudo random sequence of A and B input pulses. The Q value is given by Q =
(S1-S0)/(σ1+σ0), where S1, S0 are the average intensities of the expected “1”s and “0”s and σ1
and σ0 are standard deviations of those intensities. The calculated Q is 12 which represent a
very low error rate. The simulated results for a 250 Gb/s input set and reset pulses are shown
in Figure 3.8.

The performance of the S-R latch is better illustrated using longer set and reset pulses. The
S-R latch for this case has been simulated using the rate equations. The result is shown in
Figure 3.9. Please note that if R= 1, S=0 then Q becomes 1 (@ ~ 20 ps in Figure 8) ; also Q
remains set at 1 even if R becomes 0 (after ~ 40 ps in Figure 8) , if S=0. If R=0, S=1 then Q
becomes 0 when S turns on (S=1) (e.g. @ 70 ps in Figure 8) i.e. Q resets to 0 when S turns on.
Please also note that if R=1, S=1 there is no change in Q from previous state (i.e. Q remains 0,
e.g. @ ~ 100 ps in Figure 8). When, R=1 and S=0 (@~110 ps in Figure 8), Q becomes to 1 as
expected for a Set/Reset function.

The simulated results for D-Flip-Flop latch are shown in Figure 3.10 and from this simulated
results, we show that all-optical Set-Reset latch and D-Flip-Flop operation @ ~ 250 Gb/s is
feasible.
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Figure 3.8: Set and Reset signals are shown in the left. Simulated results of output (Q in
Figure 3.3) and eye pattern of the output (Q) are shown in the right. The above set of figures
is for 250Gb/s data rate.
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Figure 3.9: Set and Reset signals are shown in the left. Simulated results of output (Q in
Figure 3.3) and inverse of Q (Q’) are shown in the right. Note that if R= 1, S=0 then Q
becomes 1 ( @ ~ 20 ps ) ; also Q remains set at 1 even if R becomes 0 (after ~ 40 ps) , if S=0. If
R=0, S=1 then Q becomes 0 when S turns on (S=1) (e.g. @ 70 ps) i.e. Q resets to 0 when S turns
on. Please also note that if R=1, S=1 there is no change in Q from previous state (i.e. Q remains
52

0, e.g. @ ~ 100 ps). Q’ (Q-bar) is inverse of Q.

Figure 3.10: Date (D) and Gate (G) are shown in the left. Simulated results of output (Q in
Figure 3.5) and eye pattern of the output (Q) are shown in the right. The above set of figures
is for 250Gb/s data rate.
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The total phase dynamics used in the model here includes both the fast (TPA induced) phase
change and the relatively slow cross phase modulation and cross gain modulation. The latter
processes are slow and hence they cause “pattern effect” at high speeds (~ 250 Gb/s) i.e. the
phase change caused by an individual bit (e.g. bit 1) depends on the prior sequence of bits.
This phenomenon results in a change in the shape of the output NAND pulses, noise, and,
timing jitter. The eye diagrams for NAND, S-R latch, and, D-Flip-Flop are different because
the input pulses undergo different number of all-optical logic (NAND) gates. For example: in
the S-R latch the input pulses pass through two “NAND” gates and in the D-Flip-Flop system
the input pulses pass through four “NAND” gates. Hence for the three all-optical logics
discussed here, the input pulses undergo different amounts of nonlinear logic processing
which results in the differences in the amount of noise accumulation and timing jitter in the
output pulses and the eye diagrams.

The Q-factor dependence on date rate and input peak power has been calculated. It is shown
in Figure 3.11, which shows that for sufficient large input power (average power > 18dBm),
the optical latches has good quality factor (Q > 6) at high data rates up to 250Gb/s. This can
be explained as at low power levels, the phase due to TPA is small, and the pattern effect due
to slower gain change induced phase change is more significant. As the injected power
increases, the TPA induced fast phase modulation becomes a major contribution of the total
phase shift, and the pattern effect becomes relatively small, resulting in higher Q-factor.
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Figure 3.11: The calculated quality factor Q at different operating bit-rates and different input
data stream average powers. (top: D-Flip-Flop, bottom: Set-Reset Latch).
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3.5 Conclusion

In this chapter I designed and modeled high speed all optical Set-Reset Latch and D-Flip-Flop
which are built using two optical logic operations NAND and NOT. Both NAND and NOT
operations are realized using the ultrafast phase response during two-photon absorption (TPA)
process in semiconductor optical amplifiers (SOA) in this model. Results show that this
scheme can perform the basic function of Set-Reset Latch and D-Flip-Flop at high bit-rates of
~ 250 Gb/s. The impact of the output quality (Q factor) on operation speed and input data
stream average power has been studied and discussed. Results show that for best output
quality and high data rate operation (~ 250Gb/s), this system requires sufficient large input
average power (average power > 18dBm) and narrow input pulse width (FWHM~0.5ps).
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Chapter 4 High Speed All-Optical Encryption and Decryption using
QD-SOA

4.1 Introduction
Encryption and decryption has long been used by governments to facilitate secret
communication. It is now commonly used in protecting information within many kinds of
civilian systems. For example, encryption can be used to protect data being transferred via
internet, mobile telephones, wireless intercom systems and prevent unauthorized use or
reproduction of copyrighted material. In an encryption scheme, the message is encrypted
using an encryption algorithm. This is usually done with the use of an encryption key, which
specifies how the information is to be encoded. An encryption scheme usually needs a
key-stream generator to randomly produce keys. The pseudorandom bit sequence (PRBS) can
be used as the key for encryption and decryption.

In future high speed all-optical communications, all-optical data processing will be important
[1]. The pseudorandom bit sequence (PRBS) using linear feedback shift registers (LFSR),
which were first introduced in electronics, are characterized by its simplicity of generation,
good repeatability and statistical properties [2]. It thus received wide application, including in
simulation of noise in signal transmission, data encryption/decryption, and in bit error rate
testers (BERT) [3]. The recent achievements in photonics signal processing spurred more
interest towards realizing high speed all-optical PRBS generation. A pseudorandom bit
sequence (PRBS) can be generated using a linear feedback shift register (LFSR) [3-4]. The
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PRBS sequence generated with a shift register of length m has a period of 2m-1. To generate a
stable optical PRBS sequence using LFSR, an optical XOR logic gate is needed. In recent
years, demonstrations of high speed all-optical XOR logic gates using different schemes were
reported, including using semiconductor optical amplifier loop mirror (SLALOM) with data
rates of ~10Gb/s [5], ultrafast nonlinear interferometer (UNI) with data rates of ~20Gb/s [6],
and the SOA based Mach-Zehnder interferometer (SOA-MZI) with data rates of ~20Gb/s
[7-8]. Among these schemes, the quantum dot (QD) SOA-MZI based XOR gate is presently a
suitable design for high data rates of ~ 250Gb/s [9].

In this chapter, I presented a model to simulate the process of encryption and decryption. The
encryption algorithm and the key we used in this model are XOR operation and
pseudorandom bit sequence (PRBS). Both of the high speed all-optical XOR operation and
PRBS are realized by using the QD-SOA Mach-Zehnder interferometer. Furthermore, I also
designed and investigated two other kinds of more secure key-stream generators: cascaded
design and parallel design, which are based on linear feedback shift registers (LFSR). Results
show that encryption and decryption using key-stream generators can be realized at high date
rates (~250Gb/s).

4.2 Schematic of Encryption and Decryption

We can use the logic XOR operation to realize the encryption and decryption of the message.
The message can be encrypted by applying the bitwise XOR operation to every character
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using a given key. To decrypt the coded message, we merely reapply the XOR operation with
the same key which is used for encryption. The schematic of encryption and decryption using
the same key are shown in Figure 4.1.

In this chapter, we use a QD-SOA MZI system to realize high speed all-optical XOR logic
operation which is used for encryption and decryption. The principle of the logic XOR
operation based on SOA-MZI has been discussed and analyzed [9, 10-11]. As shown in
Figure 4.2, the data stream A and B (at λ1) are injected to two identical QD-SOA arms, a clock
signal (at λ2) which is used as control beam is equally split and fed into the two arms. The two
data streams modulate the gain and phase that the clock signal experiences in each of the
QD-SOAs via cross gain modulation (XGM) and cross phase modulation (XPM) [12]. Two
phase shifters are used in the MZI arms so that the clock streams through the two arms
acquire π phase difference at port 4. In this way, when the two clock streams recombine at
port 4 with their amplitude and phase modulated, they will interfere to produce different
results under different conditions. If input to port 1 and 2 are the same (either both“0” or
both“1”), the clock streams arriving at port 4 will experience the same gain and phase shift in
the QD-SOAs and will undergo destructive interference due to the π phase difference between
the arms and produce output result “0;” if input bits are different (one is “0” and the other is
“1”), the clock streams will experience different gain and phase shift, and the interference
result at port 4 will be “1.” This results in XOR operation
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Figure 4.1: The left figure is the schematic of encryption. The right figure is the schematic of
decryption. The same key stream is used for both encryption and decryption.

Figure 4.2: Schematic of QD-SOA Mach-Zehnder Interferometer. BPF: bandpass filter
centered at λ2
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We can also use a MZI scheme [13] to realize logic AND operation. By putting data A to port
1 and data B to port 3, we can get gain modulated pattern of data B out of port 4 resembling
logic A AND B. To make results better in quality, a low power CW light is used into port 2 to
cancel out the background noise of date stream A. Similarly, if we use a clock as date B which
is put into port 2, put data A into port 1, and use optical CW as control beam into port 3, we
can get out of port 4 data pattern of A XOR “1”, which is the same in terms of truth value as
“INVERT A”.

4.3. Generation of the key

The key we used for encryption and decryption is high speed all-optical pseudo random bit
sequence (PRBS) which is generated by a linear feedback shift register (LFSR) composed of
QD SOA-based logic XOR and AND gates, shown in Figure 4.3(a). An LFSR has m data
storing units (optical delay line in all-optical system), each unit is capable of storing one
binary data bit for one clock period [14]. The whole system is synchronized with a clock. At
each period, the nth and mth bit go through an XOR process [8]. Their XOR result gets
reshaped and its wavelength is converted back to system’s operation wavelength through an
AND gate, and then goes back to the front of LFSR. The output PRBS signals can be tapped
from the end of the LFSR. Figure 4.3(b) shows the design of the logic functional unit. The
main parts of this unit are two Mach-Zehnder interferometers (MZI) each arm of which has a
semiconductor optical amplifier (SOA) with a quantum dot (QD) active region. The first MZI
serves as an all-optical logic XOR gate for the two bits (m, n), while the other MZI serves as
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logic AND gate.

Figure 4.3: Design of PRBS generator. (a): Block diagram of a LFSR (b): functional unit,
including two QD-SOA MZIs operating as XOR and AND gates.
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After a band-pass filter centered at λ2, the XOR result of data 1 and 2 enters the input port “e”
of a logic AND gate. The LSFR operation begins by using a low power CW light as input to
the arm of the second MZI (AND function). The clock signal (at wavelength λ1) is injected
into the center port. In our case, we want to reshape the XOR result, so we choose to make
AND operation between XOR result and “1.” This bit “1” is from a clock pulse train centered
at λ1, injected to port “f.” After another band-pass filter centered at λ1, the AND result
represents a reshaped replica of the XOR result, and its wavelength is converted back to λ1
that circulates in the LFSR.

The PRBS sequence generated using this scheme has a repetition bit period of T=2m-1.
Basically, the PRBS sequences are different from truly random bit sequences in that the latter
has a continuous spectrum while the former has a discrete spectrum with harmonics [15]. As
m increases the generated PRBS spectrum becomes more and more continuous and the output
can better represent a truly random signal. The frequency space between two neighboring
lines in the frequency spectrum of PRBS sequences is given by [15]
f 

fb
2m  1

(4.1)

where fb is the bit rate. From the above equation, we can see as m increases the frequency
space becomes smaller which means the PRBS frequency spectrum becomes more and more
continuous. Thus, as m increases the randomness of PRBS sequence becomes better

I also design two other kinds of more secure key-stream generators, cascaded design and
parallel design, shown in Figure 4.4 and Figure 4.5.
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Figure 4.4: Block diagram of cascaded designed key-stream generator

Figure 4.5: Block diagram of parallel designed key-stream generator
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This cascaded design consists of three cascaded linear feedback shift registers (LFSR) which
can generate all-optical PRBS. The output of the first LFSR can be used as the input of the
second LFSR and the output of the second LFSR can be used as the input of the third LFSR.
All these three LFSR are realized using the QD-SOA MZIs.

This parallel design is composed of three linear feedback shift registers (LFSR), an INVERT
gate and a XOR gate. The output of the first LFSR and its invert are used as the input of the
second LFSR and the third LFSR respectively. The final output is the XOR of the output of
second LFSR and third LFSR. The three LFSR and all the logic gates are realized by using
QD-SOA MZIs.

It is known that the randomness and the length of the key are the most important two factors
which decide the security of the key. If the key is more random and is at least as long as the
message, the XOR cipher is much more secure than when there is key repetition within a
message[16]. For example, if the key is truly random, as long as the message and only used
once, we can use this kind of key to construct a perfect encryption scheme which is called
one-time pad. Assuming an eavesdropper cannot get access to the key used to encrypt the
message; this one-time pad scheme is perfectly secure. Since every plaintext message is
equally possible, there is no way for the crypt analyst to determine which plaintext message is
the correct one. A random key sequence added to a nonrandom plaintext message produces a
completely random cipher text message and no amount of computing power can change that
[17].
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For a PRBS sequence whose repetition bit period is T=2m-1, as m increases the randomness of
the generated PRBS becomes better. However, when m increases, the number of different
input for LFSR becomes larger. For example, if m=7, there are 27 different kinds of input for
LFSR. Thus, it becomes difficult to choose the input for a single LFSR in order to generate
different PRBS when m becomes larger. However, the above cascaded design and parallel
design can serve as better key-stream generators for generating longer (big m) and different
keys because we can use the output of previous stage as the input of next stage which solves
the difficulty of choosing and changing the input for one single LFSR. In addition, the
algorithms of the cascaded design and parallel design are much more complicated compared
to that for a single LFSR, which makes the generated keys much harder to break. Overall, the
cascaded design and parallel design can generate more secure keys than a single LFSR.

4.4. QD-SOA rate equations and nonlinear effects

The device we chose here is the InAs/GaAs QD-SOA, with InAs quantum dots embedded in
GaAs layers [12, 18-21]. This type of device has a typical gain of ~15 dB gain around
1550nm band, with noise figure as low as 7 dB [20]. The device gain is nearly
polarization-independent [21].

The carrier transitions between various states in the QD-SOA are described by the following
rate equations [22-23]:
N
dw
I
w
w
h



(1  h)  esm
(1  w)
dt eVN wm  wr  we
N wm  e w
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(4.2)
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(4.3)
(4.4)

where w, h and f are the occupation probability of the wetting layer, the QD excited state and
ground state, respectively; Nwm, Nesm and Ngsm are the maximum density of carriers in each
state; τar (“a” being “w,” “es” or “gs”) is the spontaneous radiation lifetime of each state; τa-b is
the relaxation lifetime between any two states “a” and “b”; I is the injected bias current; Гd is
the active layer confinement factor; V is the effective volume of the active layer; a is the
differential gain; Ad is the effective cross-sectional area of the active layer and S(t) is the total
input light power.

The gain of QD-SOA which results from carrier density dynamics, including nonlinear
processes like carrier heating (CH) and spectral hole burning (SHB) effects [24-25], is
expressed as:
g (t ) 

a( N  Nt )
1  ( CH   SHB ) S (t )

(4.5)
where N is the GS carrier density, Nt is the transparent GS carrier density; εCH and εSHB are the
gain suppression factors for carrier heating and spectral hole burning effect, respectively.

The injected light and temperature change due to carrier heating also changes the refractive
index of the active region, and thus a phase change to any probe wave injected.
1
2

 (t )   ( Gl (t )  CH GCH (t ))

(4.6)

where Gl(t)=eg(t)l is the linear gain factor of the device with l being the effective length of the
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active layer, α and αCH are the linewidth enhancement factors of the device corresponding to
band-to-band transition and carrier heating process, respectively [26, 27]. The linewidth
enhancement factor due to spectral hole burning (SHB) is ~0.

When the two clock streams recombine at the output port, their interference power can be
expressed as:
Pout (t ) 

Pcb (t )
[G1 (t )  G2 (t )  2 G1 (t )G2 (t )) cos(1 (t )  2 (t )  0 )]
4

(4.7)

where Pcb is the input clock signal light power, G1(t) and G2(t) are the total gain factors of the
two MZI arms respectively, ϕ0=π is the initial phase difference added by the phase shifters
located in the MZI arms.

4.5 Simulation Results

Parameters chosen for simulation in this work are experimental results on QD-SOAs for
central wavelength: 1.55μm: τwr=τesr=200ps, τgsr=50ps, τw-e=3ps, τe-w=300ps [28], τg-e=10ps,
Γd=10%, linewidth enhancement factors α=4, αCH=0.2 [26,27], QD energy levels’ densities of
states, nw=5.4×1017cm-3, nw:ne:ng≈15:2:1 [23], QD areal density is 7.5×1010cm-2, saturated
output power is 18dBm at 1.55μm wavelength [20], device differential gain a=8.6×10-15cm2
[19], effective length l=1.0mm, noise figure F=7dB [20], transparency pump current density is
~0.2kA/cm2 [24], gain suppression factors are εCH=0.5×10-23m3, εSHB=7.5×10-23m3 [29], which
correspond to threshold input pulse energy for both nonlinear effects ~0.47pJ, Value of time
constant τe-g has been measured in many experiments, the smallest report value is ~0.1ps [24]
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and the largest measured value goes up to several picoseconds [21]. We have not taken into
account the inhomogeneous broadening associated with different dot sizes. But it is indirectly
taken into account in the form of spectral hole burning. In a QD the inhomogeneously
broadened spectrum range could be small because it requires carrier transport among QDs: a
QD has discrete transition wavelengths and carrier relaxation to another wavelength involves
transition to another QD [25]. The simulated results of encryption and decryption for the
QD-SOA based XOR operation are shown in Figure 4.6. Input data is on the top right and a key
(chosen any of bots in this case) is shown on top left. The encrypted in XOR of the input data
and key is shown on bottom left. The decrypted data which should be the original data is shown
on bottom right. Note that top right and bottom right traces are identical as it should be.

From the above simulated results, we can see the decrypted data is the same as the input data.
Thus, we prove that all-optical encryption and decryption operation at ~250Gb/s is feasible. We
also calculate the Q factor for the decrypted data in Figure 4.6. The Q factor is 8.7, which means
a good quality of the decrypted data.

The key used for encryption and decryption is high speed all-optical pseudo random bit
sequence (PRBS). The all-optical PRBS generated by a 7-bit optical LFSR is simulated by
modeling the logic XOR and AND operations in the QD-SOAs as shown in Figure 4.7.

The simulation results of cascaded design and parallel design key stream generators are
shown in Figures 4.8 and Figure 4.9 respectively.
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Figure 4.6: Input date is shown at the top-right corner and key is shown at the top-left corner.
Simulated results of encrypted data and decrypted data are shown at the bottom-left corner
and bottom-right corner respectively. The above set of figures is for 250Gb/s data rate.

0.020

power au

0.015
0.010
0.005
0.000
0

100

200

300

400

500

time ps

Figure 4.7: Simulation result of PRBS sequences generated by 7-bit LFSR, operating at
250Gb/s. The input of all-optical LFSR is seven “1”s.
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As shown in figure 4.8 and 4.9, the cascaded design and parallel design key-stream generators
operating at ~250Gb/s is feasible. Thus, we can use these two kinds of key-stream generators
to produce various more secure keys.

4.6. Conclusion

In this chapter we designed and modeled high speed all-optical encryption and decryption
systems using key-stream generators and XOR gate based on quantum-dot semiconductor
optical amplifiers (QD-SOA). Results show that this all-optical model can realize the basic
function of encryption and decryption at high bit-rates of ~ 250 Gb/s. Three kinds of
key-stream generators based on QD-SOA, single LFSR, cascaded design and parallel design,
have been designed and simulated. Results show that all of these three key-stream generators
operating at ~250Gb/s are feasible and the cascaded design and parallel design are suitable for
producing more secure keys.
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Figure 4.8: (a) Simulation result of the first stage in cascaded design, input is seven “1”; (b)
Simulation result of the second stage in cascaded design, input is “8th-14th” of the output of
the first stage; (c) Simulation result of the third stage in cascaded design, input is “15th-21st”
of the output of the second stage
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Figure 4.9: (a) Simulation result of the first LFSR in parallel design, input is seven “1”; (b)
Simulation result of the second LFSR in parallel design, input is “8th-14th” of the output of
the first LFSR; (c) Simulation result of the third LFSR in parallel design, input is the invert of
“8th-14th” of the output of the first LFSR; (d) the final output of parallel design: XOR of the
output of second and third LFSR.
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Chapter 5 High Speed All Optical Logic Gates using Binary Phase
Shift Keyed Signal based on QD-SOA
5.1 Introduction

In future high speed all-optical communications, logic gates will play important roles, such as
signal regeneration, addressing, header recognition, data encoding and encryption [1]. In
recent years, demonstrations of high speed all-optical logic gates using different schemes
were reported, including dual semiconductor optical amplifier (SOA) Mach-Zehnder
interferometer (MZI) [2, 3], semiconductor optical amplifier loop mirror (SLALOM) [4],
ultrafast nonlinear interferometer (UNI) [5], four-wave mixing in SOA [6] and cross gain
(XGM)/cross phase (XPM) modulation in nonlinear devices [7]. Among the above schemes,
the SOA based MZI has the advantage of being relatively stable, simple and compact. The
emergence of quantum-dot (QD) SOAs in recent years provided a better device for signal
processing at communication band. Up till now, such devices has experimentally
demonstrated high saturated output power and low noise figure [8, 9], ultrafast carrier
relaxation between QD energy states [10, 11] and a much smaller carrier heating (CH) impact
on gain and phase recovery [12]. In recent years, optical logic gates using OOK signals based
on QD-SOA-MZI have been proved at data rates of ~ 250Gb/s [13]. However, the patterning
effects and amplified spontaneous emission are very strong for the above schemes using OOK
signal which will degrade the output quality.

Thus, in this chapter I proposed an alternative method of improving the output quality and
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achieving high-speed all-optical logic operations. This method utilizes a QD-SOA-MZI pair
each differentially driven by a data input and its complement. In addition, I presented a model
of pseudo-random binary sequence (PRBS) generators based on optical logic XOR and AND
gates. The simulation results on optical logic gates and PRBS generation show that this new
system is capable of realizing generation at speed of ~250Gb/s with better output quality.

5.2. Operation Principles of all-optical logic gates and schematic of PRBS generation

The proposed scheme accomplishing all-optical XOR operations is shown in Figure 5.1. It
consists of a pair of QD-SOA-MZIs. Each QD-SOA-MZI is differentially driven by data and
complement. The arrangement in Figure 5.1, in contrast to the conventional single SOA-MZI
XOR set up, ensures that each QD-SOA receives a nearly constant-power stream of input
pulse train. This is also illustrated in Figure 5.1 using an example of an on-off-keyed (OOK)
signal A=[101]. Hence the patterning effects can be mitigated that arise from the fluctuation
in the signal optical powers when QD-SOAs are directly modulated by OOK signals without a
differential set up. For instance, the most deleterious situation is avoided, where the
QD-SOAs receive a long sequence of 1’s followed by a long sequence of 0’s, or vice versa.
Furthermore, because binary phase shift keyed (BPSK) signals carry information on the phase
part while keeping the amplitude as a constant, the impairments from optical nonlinear effects
and amplified spontaneous emission are greatly reduced. The working principle as follows:
the top QD-SOA-MZI converts the input OOK data streams A and its complement into BPSK
signal, exp(jπA).The bottom QD-SOA-MZI similarly outputs a BPSK signal exp(jπB). The
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conversion of OOK into BPSK was first used for all-optical wavelength conversion of DPSK
signals [14] and its process is detailed in [14, 15]. The next step in XOR operation is the
linear optical interference between these two BPSK signals. The interference yields two OOK
signals, one is XOR logic and the other is NXOR logic. The intensity envelops of the output
signals emerging from the constructive and destructive ports of the 2x2 coupler are calculated
using:
exp  j A  exp  j B 

2

A B

(5.1)

exp  j A  exp  j B 

2

A B

(5.2)

We can use a similar scheme to realize logic AND and NAND operations as shown in Figure
5.2. From Boolean algebra, we know A XOR  A+B =A AND B . In this scheme, the top
QD-SOA-MZI converts the input OOK data A and its complement A into BPSK signal
exp(jπ A ).The bottom QD-SOA-MZI similarly outputs a BPSK signal exp(jπ( A +B)). Thus,
one output after interference is A XOR  A+B which is the same as A AND B and the other
output after interference is A NAND B. A +B is simply realized by an optical coupler.
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Figure 5.1: Schematic of the all-optical XOR logic gate, CW: continuous wave

Figure 5.2: Schematic of the all-optical AND and NAND logic gates, CW: continuous wave
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Similar to chapter 4, PRBS signals are generated by a linear feedback shift register (LFSR)
composed of QD-SOA-based logic XOR and AND gates, shown in Figure 5.3. An LFSR has
m data storing units (optical delay line in all-optical system), each unit is capable of storing
one binary data bit for one clock period [16]. The whole system is synchronized with a clock.
At each period, the nth and mth bit go through an XOR process. Their XOR result gets
reshaped and its wavelength is converted back to system’s operation wavelength through an
AND gate, and then goes back to the front of LFSR. The output PRBS signals can be tapped
from the end of the LFSR.

The XOR gate in LFSR is realized through our scheme in Figure 5.1. Because after the XOR
gate the BPSK data change back to OOK data we can use a single QD-SOA-MZI scheme [13]
to realize all-optical logic AND operation which is also the building block of our PRBS
scheme. As shown in Figure 5.4, two identical QD-SOAs form the two arms of the
interferometer. By putting data A to port 1 and data B to port 3, we can get gain modulated
pattern of data B out of port 4 resembling logic A AND B. To make results better in quality, a
low power CW light is used into port 2 to cancel out the background noise of data stream A.
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Figure 5.3: Design of PRBS generator: Block diagram of a LFSR

Figure 5.4: Schematic of one single QD-SOA Mach-Zehnder Interferometer to realize AND
logic. BPF: bandpass filter centered at λ2
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5.4. QD-SOA rate equations and nonlinear effects

The device we chose here is InAs/GaAs QD-SOA, with InAs quantum dots embedded in
GaAs layers [8, 17-20] which is the same as chapter 2 and 4. This type of device has a typical
gain of ~15 dB gain around 1550nm band, with noise figure as low as 7 dB [8]. The device
gain is nearly polarization-independent [20].

The carrier transitions between various states in the QD-SOA are described by the following
rate equations [21-22]:
N
dw
I
w
w
h



(1  h)  esm
(1  w)
dt eVN wm  wr  we
N wm  e w
N gsm f
N
dh
h
w
h
h

 wm
(1  h) 
(1  w) 
(1  h) 
(1  f )
dt
 esr N esm  we
 ew
N esm  g e
 eg

N

df
f
f
h
1 S (t )


(1  h)  esm
(1  f )  d a(2 f  1)
dt
 gsr  g e
N gsm  e  g
Ad
N gsm 

(5.3)
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where w, h and f are the occupation probability of the wetting layer, the QD excited state and
ground state, respectively; Nwm, Nesm and Ngsm are the maximum density of carriers in each
state; τar (“a” being “w,” “es” or “gs”) is the spontaneous radiation lifetime of each state; τa-b is
the relaxation lifetime between any two states “a” and “b”; I is the injected bias current; Гd is
the active layer confinement factor; V is the effective volume of the active layer; a is the
differential gain; Ad is the effective cross-sectional area of the active layer and S(t) is the total
input light power.

The gain of QD-SOA which results from carrier density dynamics, including nonlinear
processes like carrier heating (CH) and spectral hole burning (SHB) effects [12，23], is
expressed as:
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g (t ) 

a( N  Nt )
1  ( CH   SHB ) S (t )

(5.6)
where N is the GS carrier density, Nt is the transparent GS carrier density; εCH and εSHB are the
gain suppression factors for carrier heating and spectral hole burning effect, respectively.

The injected light and temperature change due to carrier heating also changes the refractive
index of the active region, and thus a phase change to any probe wave injected.
1
2

 (t )   ( Gl (t )  CH GCH (t ))

(5.7)

where Gl(t)=eg(t)l is the linear gain factor of the device with l being the effective length of the
active layer, α and αCH are the linewidth enhancement factors of the device corresponding to
band-to-band transition and carrier heating process, respectively [24, 25]. The linewidth
enhancement factor due to spectral hole burning (SHB) is ~0.

5.5. Simulation results

Parameters chosen for simulation in this chapter are experimental results on QD-SOAs for
central wavelength: 1.55μm: τwr=τesr=200ps, τgsr=50ps, τw-e=3ps, τe-w=300ps, τg-e=10ps,
Γd=10%, linewidth enhancement factors α=4, αCH=0.2 [24,25], QD energy levels’ densities of
states, nw=5.4×1017cm-3, nw:ne:ng≈15:2:1 [22], QD areal density is 7.5×1010cm-2, saturated
output power is 18dBm at 1.55μm wavelength [8], device differential gain a=8.6×10-15cm2
[19], effective length l=1.0mm, noise figure F=7dB [8], transparency pump current density is
~0.2kA/cm2 [12], gain suppression factors are εCH=0.5×10-23m3, εSHB=7.5×10-23m3 [26], which
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correspond to threshold input pulse energy for both nonlinear effects ~0.47pJ. Value of time
constant τe-g has been measured in many experiments, the smallest report value is ~0.1ps [12]
and the largest measured value goes up to several picoseconds [18]. We have not taken into
account the inhomogeneous broadening associated with different dot sizes. But it is indirectly
taken into account in the form of spectral hole burning. In a QD the inhomogeneously
broadened spectrum range could be small because it requires carrier transport among QDs: a
QD has discrete transition wavelengths and carrier relaxation to another wavelength involves
transition to another QD [23]. Simulated results of all-optical XOR, AND and NAND logic
gates using our schemes in Figure 5.1 and Figure 5.2 are shown in Figure 5.6, Figure 5.7 and
Figure 5.8. The output eye-diagrams are also plotted to show the output quality. From the
simulated results, we show that all-optical XOR, AND and NAND logic gates using BPSK
signal, scheme of a pair of QD-SOA-MZIs, @ ~ 250 Gb/s are feasible.

A simulated high speed all-optical 7-bit PRBS output at operation speed 250Gb/s is shown in
Figure 5.9(a), its eye diagram is also plotted in Figure 5.9(b). Meantime, the high speed
all-optical 7-bit PRBS output using OOK signal based on QD-SOA (the XOR gate is realized
by using one QD-SOA-MZI) and its eye diagram are also shown in Figure 5.10 [27]. From
the two eye diagrams in Figure 5.9 and Figure 5.10, we can see the eye diagram in Figure 5.9
shows a much clearer open eye than that in Figure 5.10 illustrating better output quality and
the stability of the scheme using BPSK signal based on QD-SOA.
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Figure 5.6: Date A and Date B are shown on the top. Simulated results of output (XOR) and
eye diagram of the output are shown below. The above set of figures is for 250Gb/s data rate.
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Figure 5.7: Date A and Date B are shown on the top. Simulated results of output (AND) and
eye diagram of the output are shown below. The above set of figures is for 250Gb/s data rate.
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Figure 5.8: Date A and Date B are shown on the top. Simulated results of output (NAND) and
eye diagram of the output are shown below. The above set of figures is for 250Gb/s data rate.
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Figure 5.9 (a) Simulation result of PRBS sequence using BPSK scheme, operating at 250
Gb/s; (b) The eye diagram of this result.
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Figure 5.10 (a) Simulation result of PRBS using OOK scheme based on QD-SOA, operating
at 250 Gb/s; (b) The eye diagram of this result.
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5.6 Conclusion

In this chapter I proposed and simulated a scheme to realize high speed all-optical logic gates
and pseudo random bit sequence (PRBS) using binary phase shift keyed (BPSK) signal based
on quantum-dot semiconductor optical amplifiers (QD-SOA). The PRBS is generated using a
linear feedback shift register (LFSR) composed of all-optical logic XOR and AND gates. The
optical logic gate is composed of a pair of QD-SOA Mach-Zehnder interferometers, which
can generate BSPK signal to realize optical logic XOR, AND and NAND gates. Results show
that this kind of scheme can perform logic operations such as XOR, AND, NAND and PRBS
at high bit rate up to 250Gb/s with better output quality comparing with the system using
OOK signal.
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Chapter 6 High Speed Ultrashort Pulse Fiber Ring Laser Using
Charcoal Nano-particles
6.1 Introduction

The generation of stable high speed ultrashort pulses is very important for fiber-optic
telecommunication system. Future transmission systems may operate at data rate 250Gb/s or
more [1]. Thus, the stability of the optical pulse train from a fiber laser needs to be improved
for practical system use. The instability of fiber laser generally originates from three main
factors: 1) polarization fluctuations in the long fiber cavity due to mechanical vibrations; 2)
cavity length drift due to fluctuations of the temperature; 3) independent supermodes, whose
frequencies could be any integral multiples of the cavity fundamental frequency fc. Several
researchers have carried out experiments to overcome the instability problems. Takara et al
constructed fiber lasers with an all-polarization-maintaining ring cavity [2]. Shan et al
developed a pulsed phase-lock method to compensate for the drift of the long fiber cavity
length [3]. Wu et al proposed a scheme using a semiconductor optical amplifier (SOA) in the
ring cavity to improve the stability of the fiber laser by removing the supermode noise [4].
Meanwhile, during the past two decades, a variety of schemes of pulse compression have
been proposed and demonstrated. These schemes include (1) adiabatic soliton compression
techniques [5-6], (2) multiple-step compression based on self phase modulation in highly
nonlinear fibers or semiconductor optical amplifiers (SOA) [7-8], (3) a comb-like profiled
fiber (CPF) to emulate dispersion decreasing fiber [9-10], (4) saturable optical absorbers such
as nonlinear optical loop mirror (NOLM) or nonlinear amplifying loop mirror (NALM)
90

[11-13]. The saturable optical absorber is a promising method to compress the optical pulse
width and can be adapted to various possible configurations.

Since the first demonstration of graphene saturable absorber for passively mode-locked
erbium-doped fiber lasers (EDFLs), versatile graphene samples in different forms have been
developed, including single-layer graphene [14], few-layer graphene [15], multi-layer
graphene [16], graphene polymer [17], graphene composite [18], graphene solution [19] and
graphite nan-particle [20] etc., which progressively show the capabilities on initiating the
ultrafast saturable absorption in the EDFL cavity. Up to now, almost all graphene, graphene
oxide and graphite materials can be used as optical saturable absorbers which have ultrafast
recovery time, ultrahigh nonlinearity and large optical damage threshold. Recently, Singh et al
demonstrated a green and simple method to synthesis the graphene nano-sheets from a pencil
using the electrochemical exfoliation [21]. The bulk charcoal structure in a pencil is
confirmed to be similar with graphite that contains multi-layer graphene. In the meantime,
Lin’s group also obtained the charcoal nano-particles by simply polishing the pencil [22], and
presented that even the unprocessed charcoal nano-particles possess the ability of saturable
absorption.

In this chapter, a fiber ring laser system with charcoal nano-particles in the cavity is proposed
and experimentally studied. The charcoal nano-particles are made through mechanical
polishing from pencil and then directly brushed onto the end-face of single-mode fiber (SMF)
patchcord connector. This fiber ring laser system is composed of a Mach-Zehnder type
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modulate, an EDFA as the gain medium, an isolator and a polarization controller (PC). Results
show that with the charcoal nano-particles inside the ring cavity, this fiber ring laser system
can generate optical pulse train @ 20Gb/s with improved stability and smaller pulse width
comparing with the system without the particles in the cavity.

6.2 Experiment Setup

We directly brushed the triturated charcoal nano-particles which are mechanically polished
from the pencil onto the end-face of single-mode fiber (SMF) patchcord connector to be the
saturable absorber for the fiber ring laser system. However, the self-aggregation of charcoal
nano-particles would enlarge its size to increase the absorption loss [22]. Thus, we utilized the
imprinting-exfoliation-wiping method [20] to reduce the size of charcoal nano-particle and its
coverage ratio on the SMF end-face. Figure 6.1 shows the fabricating process for thinning and
separating the charcoal nano-particles by utilizing the imprinting-exfoliation-wiping method.
The photograph of the pencil, the triturated charcoal powder and the SMF patchcord are
shown in Figure 6.1(a). The optical microscope (OM) image of the adhesion of charcoal
nano-particles on the SMF connector end-face after direct brushing is shown in Figure 6.1(b).
Then, the SMF patchcord with charcoal nano-particles is tightly connected with another SMF
patchcord which is shown in Figure 6.1(c). After separating the connected SMF patchcords,
the charcoal nano-particles can be exfoliated again to shrink their size. This method can
reduce the layer number of the graphene inside the charcoal nano-particle, as illustrated in
Figure 6.1(d). By repeating the imprinting-exfoliation-wiping process several times, the OM

92

image in Figure 6.1(e) shows the reduced coverage ratio of charcoal nano-particles on SMF
connector end-face.

Figure 6.1: The imprinting-exfoliation-wiping process for adhesion of charcoal nano-particles
onto the end-face of SMF patchcord. (a) The photograph of pencil, charcoal powder and SMF.
(b) OM image of charcoal nano-particles directly brushed on SMF end-face. (c) Connect with
another SMF. (d) Separation of SMF connectors. (e) The OM images of charcoal
nano-particles on both SMF end faces after repeating the imprint-exfoliation-wiping process
93

several times.
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The experiment setup of fiber ring laser system is shown in Figure 6.2. The system consists of
a 23m long Er-doped fiber, a WDM coupler, a 980nm laser diode, a 10% output coupler, an
islotar, a polarization controller, a Mach-Zehnder type modulator and a systhesizer. All
components were connected by regular single-mode fiber. We use a 980nm laser diode to
pump the EDF and a 980/1550 wavelength division multiplexer (WDM) is involved to deliver
the pumping power. The isolator is placed in the ring system to decide circulation direction
and avoid feedback. The PC is insertd in the system to control the intra-cavity polariztion. The
synthesizer is used to generate the RF signal to drive the Mach-Zehnder type modulator which
has a bandwidth of 11GHz. The charcoal nano-particles are confined betweeen two SMF
patchcord connectors side the ring cavity. The output optical coupler provides 90% feedback
ratio and 10% output coupling ratio.
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Figure 6.2: The schematic diagram of the fiber ring laser system with charcoal nano-particles
inside the cavity. WDM: wavelength-division multiplexer, PC: polariztion controller.
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6.3 Harmonic and rational harmonic mode locking

We can use the experiment set-up in Figure 6.2 to realize harmonic mode locking and rational
harmonic mode locking. To analyze the fiber ring laser, we assume the ring cavity has a
length L, then the fundamental cavity frequency is fc=c/(Lneff), where c is the velocity of light
in vacuum and neff is the effective refractive index of the cavity. A modulation signal with
frequency fm is applied to the modulator to modulate the loss in the cavity. For harmonic
mode-locking, fm=nfc, where n is an integer. For a typical fiber ring laser, fc ~ 1 to 3 MHz and
fm ~ 1 to 10GHz so about 106 cavity modes are present within the gain spectrum, which
allows harmonic mode locking. Although the modulator couples every ~1000th mode, the
gain spectrum is broad enough that coupling of ~105 to 106 cavity modes can occur.
Considering the loss and gain in the fiber ring laser and using the Fourier analysis method, we
can get the expression for the envelope of mode-locked pulse [23]:
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where g is the gain at the center frequency, M is the modulation depth, Ωg is the gain
bandwidth and ωm=2πfm. Thus, for harmonic mode-locking case fm=nfc, the solution is a
Gaussian pulse, where the pulse width is proportional to f m-1/2. Furthermore, we can obtain
smaller pulse width by increasing the modulation frequency and modulation power while
reducing the pump power for the cavity of the fiber ring laser.

The phenomena of rational harmonic mode locking with a repetition rate of (np+1)fc can be
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realized when the modulation frequency fm=(n+1/p)fc, where n and p are integers. Following a
similar analysis of harmonic mode-locking, we can conclude that the solution for harmonic
mode-locking is also a Gaussian pulse given by equation (6.2) and the pulse width τ is
expressed as [23]:
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where ωm=2πfm. From the above equation, we can see the pulse width parameter τ is
proportional to (n+1/p)-1/2. Since n is much larger than 1 for the modulation frequencies we
often use, it is possible to conclude that the pulse width for rational harmonic mode-locking is
almost same as that for harmonic mode locking.

6.4 Characterization of charcoal nano-particles

The size of the charcoal nano-particles after trituration is reduced down to 500nm [24], which
further shrinks to 300nm after the exfoliation-imprinting-wiping process, as shown in Figure
6.3 (a). The XRD analysis of charcoal nano-particle shown in Figure 6.3(b) reveals a peak at
26.770 from the {002}-oriented lattice in comparison with the {002} peak of nature graphite
(26.540), indicating the main composition and structure of charcoal nano-particles are similar
with graphite. However, the small angel shift of 0.230and the satellite peaks on the XRD
graph elucidate the existence of impurities and structural defects including curvatures and
distortions of graphene layers [25].
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Figure 6.3 (a): The SEM image of charcoal nano-particles.

Figure 6.3 (b): XRD spectrum of charcoal nano-particles.

The saturable absorbance of charcoal nano-particle is characterized by fiber ring laser
illumination. The optical absorption of charcoal nano-particle is reduced under high optical
power illumination because the carrier transition from valence band to conduction band is
forbidden by the Pauli blocking effect [24]. The optical absorbance α of charcoal
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nano-particle is correlated with the linear absorbance (qlin), the nonlinear absorbance (qnon), as
described by [14]:

 =qlin 

qnon
q
 qlin  qnon  non Pin
1  Pin / Psat
Psat

(6.4)

where Pin denotes the input power, Psat the saturation power of charcoal nano-particle. The
normalized saturable absorbance of charcoal nano-particles is shown in Figure 6.4 (a) with a
modulation depth of 36%. Fitting this curve obtains the linear loss of qlin=0.37, the nonlinear
loss of qnon=0.48, and the saturation power of Psat=3.2mW which is a relatively low power for
initiating the saturable absorption. The saturable transmittance is also shown in Figure 6.4 (b),
with transmittance from 0.21 to 0.58 when increasing the input power from 0.5mW to 35mW.
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(a)

(b)
Figure 6.4: Saturable absorbance (a) and Transmittance (b) of charcoal nano-particle

101

6.5 Numerical Simulation

The mode locked pulse evolution of the fiber ring laser cavity in Figure 6.2 can be simulated
by solving equations from 6.6 to 6.9. Equation 6.6 [26] is an extended nonlinear Schrödinger
equation which was used to model the gain medium, EDF in Figure 6.2, of the fiber ring laser.
In equation 6.6, A(z, T) is the slowing varying amplitude of the pulse envelope, β2 and β3 are
the second and third order dispersion parameters, respectively. γ represents χ3 nonlinearity
parameter, and Ωg is the gain bandwidth of the EDF. g is the gain of the EDF, which can be
modeled by
g  g0 / 1  E / Esat  gain 

(6.5)

where g0 is the small signal gain, E is the energy of the pulse envelop. Esat-gain represents the
gain saturation energy of the EDF. We used split-step Fourier method [27] to solve the
equation (6.6) to simulate the pulse transmission in EDF. The values for β2, β3, γ and g0 for
EDF used in this numerical simulation are:

0.13 103 ps2/m,

0.135 103 ps3/m,

3.69W-1km-1 and 2dB/m. We can also simulate the pulse evolution in single mode fiber (SMF)
which composes the ring laser cavity by solving equation 6.6 if we set the gain parameter g as
0. . The values for β2, β3, γ and g0 for SMF used in this numerical simulation are: 22.1103
ps2/m, 0.171103 ps3/m, 1.2W-1km-1 and 0. The saturable absorption property of the charcoal
nano-particles incorporated into the cavity was modeled by equation 6.7, where qlin is 0.37,
qnon is 0.38 and Psat is 3.2mW which were obtained in section 6.4. We use a 90/10 coupler in
our fiber ring laser system as in Figure 6.2, which can be simulated by solving equation 6.8
where R equals to 90%. The Lithium Niobate modulator can be simulated by solving equation
6.9 [28], where Vπ is the required voltage for a π phase shift between two arms of the
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modulator, V(t) is the voltage applied to the modulator. In our situation, the modulator is
driven by a RF signal at frequency fm. Thus, V  t   Vb  Vm sin mt  in which Vb is the DC
voltage bias of the modulator, Vm is the amplitude of the RF signal. The numerical simulation
was initiated by launching into the system a seed pulse with small amplitude. The pulse
evolution within the ring cavity is then iteratively modeled until a steady state is reached after
many roundtrips.
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Figure 6.5 and Figure 6.7(a), (c) depict the simulated pulse development and the steady-state
solutions of the output pulses, respectively. The FWHM is 5.4ps when operated without
charcoal nano-particles, and narrowed to 3.1ps by using the charcoal nano-particles inside the
cavity. It should be mentioned that the asymptotic state is independent on the seed pulse.
Pulses having the same characteristics can be obtained as well when pumped with white noise
in the simulation.
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Figure 6.5. Simulated pulse generation from fiber lasers implementing (a) only rational
harmonic active mode-locking and (b) with charcoal nano-paricles inside the ring cavity
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6.6 Effects of charcoal nano-particles

Figure 6.6 shows the RF spectrum of the output pulse from the rational harmonic mode
locking fiber ring laser with (b) or without (a) charcoal nano-particles in the cavity. Many
side-bands are observed in Figure 6.6(a). The highest peak corresponds to the frequency of
the fiber ring laser which is 20GHz. The separation between these sidebands is equal to the
fundamental cavity frequency of the fiber ring laser fc=2.8MHz so they are assumed to be the
supermodes of the fiber ring laser. These supermodes cannot be removed by tuning the
modulation frequency fm and polarization controller in the cavity. However, no supermodes
were observed in Figure 6.6(b) with the charcoal nano-particles inside the fiber ring laser
cavity. The reduction of the supermodes in the RF spectrum can improve the stability of
optical pulse generation in rational harmonic mode locking [4]. The reduced amplitude of the
supermodes in the fiber ring laser is the result of the saturable absorption character of the
charcoal nano-particles in the cavity.

Figure 6.7 (b) shows the experimental fiber ring laser pulse shape, autocorrelation pulse with
pulse width ~ 5.6ps, without charcoal nano-particles inside the ring. This result is in good
agreement with our numerical simulation result, which is shown in Figure 6.6(a). The
charcoal nano-particles inside the cavity can greatly improve the pulse shortening mechanism
of the fiber ring laser due to their saturable absorption character. Figure 6.6 (d) shows the
experimental autocorrelation pulse with charcoal nano-particles inside the ring with pulse
width ~3.2ps, about 57% of the pulse width without charcoal nano-particles in the ring cavity.
This experimental result is also in good agreement with our numerical simulation result,
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which is shown in Figure 6.6(c). Thus, with the charcoal nano-particles inside the ring, shorter
pulses can be generated with improved stability.
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Figure 6.6: RF spectrum of rational harmonic mode locking at 20Gb/s. (a) without the
charcoal nano-particles in the fiber ring laser cavity and (b) with the charcoal nano-particles
in the fiber ring laser cavity.
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Figure 6.7: Pulse shape of the fiber ring laser. (a) Simulated pulse shape without
nano-particles in the ring, pulse width ~ 5.4ps. (b) Autocorrelation pulse without
nano-particles inside the ring, pulse width ~ 5.6ps. (c) Simulated pulse shape with
nano-particles in the ring, pulse width ~ 3.1ps. (d) Autocorrelation pulse with nano-particles
inside the ring, pulse width ~ 3.2ps.
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6.7 Conclusion

In summary, we have successfully demonstrated a scheme to improve the stability and shorten
the pulse width of a mode-locked fiber ring laser. The scheme uses charcoal nano-particles
which are made through mechanical polishing from pencil as saturable absorbers inside the
mode-locked fiber ring laser cavity. The size, composition and saturable absorbance of
charcoal nano-particles are investigated in this chapter. Theoretical simulation results are also
shown in good agreement with our experimental results. Using this scheme, we can remove
the supermodes in the RF spectrum and shorten the pulse width to 3.2ps with compression
ratio about 57%.
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