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Abstract 


The semiconductor distributed feedback (DFB) laser is mainly characterised by 

the single-longitudinal-mode operation with a narrow spectral linewidth, which leads to 

its wide application in fiber-optic communication systems. Several numerical models 

ranging from physics-based to phenomenological ones have been developed with 

different level of complexities and for different applications. However, with the 

continuous improvement in designs of DFB lasers, more efficient simulation methods 

with sufficient accuracy are highly desirable. In this thesis, I mainly focus on developing 

new one-dimensional (ID) simulation methods of DFB lasers with improved 

computational efficiency and physical insight without compromise on accuracy. Further, 

a new design idea for DFB lasers are explored and investigated by using the simulation 

techniques developed. 

Starting with the well-known ID time-dependent coupled-wave equations, we 

have examined two different solution schemes, i.e. the traveling wave model {TWM) and 

the standing wave model (SWM). The TWM has the merits of straightforward 

implementation, and being able to simulate a large variety of the structure even if the 

laser cavity has a small quality factor (Q-factor). Firstly, the existing time-domain 

solution schemes are reviewed and compared under a unified framework. A high-order 

split-step traveling wave method is then developed. Its validity and efficiency are 

examined through the comparison made with the conventional split-step scheme. 
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For laser structures with large variations of the carrier/photon density, however, 

the TWM is not computationally economical. The SWM on the other hand has its 

advantages in dealing with the laser cavity with a relatively large Q-factor. Two different 

standing wave models are proposed to simulate the index-coupled and gain-coupled DFB 

lasers, respectively'. The complexities of these two numerical models are further reduced 

through an approximation made on the time-dependent carrier distribution. Finally, the 

proposed SWMs are reduced to a similar form to the rate equation formulations for 

establishing the linkage between the 1 D model and the rate equation model. More 

physical insights into the conventional and powerful rate equations will be gained through 

this linkage. 

The final part of the thesis focus on the analysis of a novel design of single-mode 

operation DFB laser employing the dispersive grating. The design idea is verified by the 

proposed SWM. 
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Chapter 1 

Introduction 

1.1 Motivations 

DFB lasers are one of key photonic devices widely used in fiber-optic 

communication systems as optical sources with direct or external modulations. Many 

numerical models for simulating DFB lasers have been developed, ranging from fully 

physics-based to phenomenological ones, also known as behavior models. 

The fully physics-based models [ 1]-[4] are the most comprehensive models which 

are able to describe at the microscopic level the details of the physical mechanisms and 

processes underlying the operation of the laser diodes, such as the different 

recombinations in the gain media, the carrier transport, the optical confinement and 

resonance, and the heat generation and diffusion, etc. Such models, though 

comprehensive and accurate, are normally complicated to formulate mathematically and 

time-consuming to solve numerically. For sub-system and system applications, some of 

the details inherent in the physics-based models are not necessary and may be 

parameterized. For this reason, simplification can be made by proper approximations so 

that the behavior models can be established and utilized. The behavior models [5]-[9] 

treat the device as a black box characterized by a set of governing equations and model 

parameters. The main physical processes such as optical gain, carrier dynamics, optical 
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resonance as well as thermal effects can all be described at the behavior levels in a 

simplified yet insightful fashion. Aside from its simplicity relative to the physics-based 

model, significant improvement in computation efficiency allows the behavior model to 

be widely applied to the system simulation. 

In practice, device designers often need to obtain the basic knowledge of the 

performance of new designs through trial and error. Once a new design is validated, it is 

then required to be optimized for a specific application purpose. Meanwhile, from system 

designers' point of view, more accurate simulation tools are still desired in system 

simulation to reduce development costs and time. All of these call for simulation tools 

that can provide the satisfying accuracy, but also hold the computational effort at a 

feasible level. The effective ID model [10]-[I4] is a candidate for this purpose. It 

accounts for the longitudinal variations of the optical field, carrier, etc. Effective 

parameters are introduced to include the transverse effects such as transverse optical 

effects and carrier transport effects [I5]-[I 7]. Within this context, the main objective of 

this thesis is to develop efficient ID simulation tools of the DFB laser with the satisfying 

accuracy from the perspective ofboth device designers and system designers. 

The single-longitudinal-mode operation of the DFB laser is of great importance in 

fiber-optic communication systems due to its merits in reducing effects of fiber group­

velocity dispersion [I8] and hence allowing longer reach at higher bit rates in comparison 

with otherwise multimode Fabry Perot lasers. The uniform-grating index-coupled DFB 

lasers with AR coated facets have the intrinsic drawback of the two degenerate modes 

spectrally symmetric with respect to the Bragg frequency [I9]. Existing solutions include 
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the introduction of a quarter-wave-shifted (2/4-shifted) grating [20] or gain (or loss)­

coupled grating [19], [21]. The other objective of this thesis is to examine the alternative 

design concept of the single-longitudinal-mode DFB laser by using the proposed 

modeling techniques. 

1.2 Background of the Research 

Although the lasing action in semiconductor was reported as early as 1962 [22]­

[25], the conversion from the laboratory curiosity to practical applications takes place in 

1970 when the semiconductor lasers operating continuously at room temperature was 

demonstrated [26],[27] and the double-heterostructure semiconductor lasers were also 

introduced at that time to reduce greatly the threshold current density [26], [28]. Since 

then, the design and development of the semiconductor lasers are proven to be fascinating 

work, which make the semiconductor lasers become widely used in a variety of 

applications. One of them is the fiber-optic communications where the semiconductor 

laser becomes one of key components due to their inherent advantages such as compact 

size, high efficiency, narrow spectral width of emitted light, and possibility of direct 

modulation. 

The basic understanding of the physics behind a laser is illustrated in Figure 1.1, 

which shows two key elements to operate a laser: 1) an active material which has the 

optical gain, i.e. can amplify the electromagnetic radiation inside it and 2) an optical 

resonator which feeds back light through its reflector. In semiconductor lasers, the 
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semiconductor material acts as the gain medium to generate the spontaneous emission and 

amplify a fraction of it by the stimulated emission. The optical feedback can be realized 

by a variety of structures, such as Fabry-Perot cavities, ring cavities, distributed feedback 

(DFB) and distributed Bragg reflector (DBR) cavities, etc. 

Spontaneous 
Emission 

Optical Feedback 

Optical Gain 
(Population Inversion) Output Light 

Pumping 

Figure 1.1 Operation principle of a laser 

To fully capture the physical processes of a semiconductor laser, the model needs 

to be able to describe the wave propagation along the optical waveguide, the optical 

properties of the media in the device, the carrier transport in the device, and the thermal 

properties of the materials. Due to these complex device physics, predictive modeling 

with accurate and efficient tools is highly desired for new or optimized device designs. 

An appropriate tool will help reduce development costs and time greatly for the given 

design requirement. Many models with different levels of complexity and assumptions 

have appeared. They may be classified into the following three categories: 
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Fully physics-based model: It is the most comprehensive numerical model considering 

both the transverse and longitudinal effects; as such they are three-dimensional (3D) 

models [1]-[4]. The wave propagation, optical properties of the media, carrier transport 

and thermal diffusions can all be captured such that the physical processes inside the laser 

cavity as well as the device performance can be fully described and predicted. These 

models although rigorous, involve very sophisticated modeling techniques, consequently 

are extremely time-consuming. 

Behavior model: This model is denoted as zero-dimensional (OD) model in this thesis 

and consists of conventional rate equation description of the carrier-photon interaction. It 

can produce simple, yet insightful analytical expressions for almost all laser 

characteristics [5]-[9]. However the spatial variance of the carrier and optical fields are all 

neglected in this model. Moreover, the input parameters of this model, such as those 

effective coefficients and phenomenologically induced parameters, have to be extracted 

from the detailed physics-based model or the experimental results [29], [30], and 

consequently are normally only valid for the given device. 

Effective model: Certain assumptions are made to the fully physics-based model under 

specific simulation requirement, resulting in various effective models. For example, the 

models in [31 ]-[33] take account of the transverse optical field, carrier transport effects 

and thermal diffusion over the transverse cross-section. These models were developed 

primarily for FP lasers and therefore do not take the longitudinal effects into account if 
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applied to DFB lasers; whereas, in [34]-[37], those effects mentioned above are accounted 

for along one dimension of the transverse cross-section, normally in the direction 

perpendicular to the junction, as well as along the longitudinal dimension. As a result, the 

former are two-dimensional (2D) models in the sense of XY dimension and the latter are 

2D in XZ (or YZ) dimension. Shown in Figure 1.2 is a schematic illustration of the 

orientation of a semiconductor laser. With further simplifications, the variation of the 

optical field, the carrier, and the temperature are only accounted for along the longitudinal 

axis in [10]-[14]. In these lD models, effective parameters, such as the confinement 

factor, is introduced to account for the transverse optical effects. The carrier transport in 

transverse directions can also be included in an approximate manner into a 1 D 

longitudinal laser simulation [15]-[l 7]. The complexity of effective models is in between 

fully physics-based ones and behavior ones. 

Figure 1.2 Schematic illustration of the orientation of a semiconductor laser 
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Generally speaking, the comprehensive yet time-consuming fully physics-based 

model is more often to be adopted for the development of the device design. The detailed 

physical picture of the device can be fully described to facilitate the accurate prediction of 

the device performance for given materials and structures under specified operating 

conditions. On the other hand, the simplicity of behavior model makes it being widely 

used in the system simulation. 

In practice, it is important to have a simulation tool with high efficiency and yet 

being able to capture the most important physical insights under certain application. In 

this thesis, we will focus on the 1 D model due to its advantage of being a good balance 

between two seemingly contradictory requirements: accuracy and simplicity. This model 

takes account of structure details of the DFB laser, such as spatial dependent coupling 

coefficient, phase shifts and facet conditions. Moreover, important effects, such as the 

spectral and spatial-hole burnings, are all included. As such, it is accurate enough to 

describe all the interesting characteristics of the DFB laser. Moreover, the accuracy of the 

1 D model can be further improved by incorporating secondary physical effects that may 

play an important role whenever necessary for a specific device, like what has been done 

in [15]-[17]. 
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1.3 Overview of the Thesis and Contributions of the Research 

[ Semiconductor DFB Lasers ­

I 

-
Simulation 

-------------------------------­
' I: lD Numerical Models : 
•-------------------------------· 

.----------------~.----------------

:Traveling Wave i: Standing Wave i 
I 11 I 

: Model (TWM) ':Model (SWM) • 
I I 1 I 
I 11 I 

·--------­ ______ J•---------------~ 
Chap. 2 

High-Order Split-Step TWM 

Chap. 3 

..... 

..... 

Design 

Dispersive Grating DFB Lasers 

Chap. 8 

Standing Wave Model based on 
"Cold" Cavity Modes 

(SWM-CCM) 
Chap. 4 

Standing Wave Model based on 
Threshold "Hot" Cavity Modes 

(SWM-THCM) 
Chap. 5 

An Efficient Solution to the SWM 
by Carrier Shape Approximation 

Chap. 6 

Rate Equations for the Photon 
----1..-~ Number and Phase 

Chap. 7 

Figure 1.3 Block diagram of the thesis structure 
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This thesis contains nine chapters in total. The relations between these chapters 

are presented in the block diagram shown in Figure 1.3, where the first chapter of 

introductions and last chapter of conclusions are not included. The major contributions of 

this thesis are corresponding to the research work from chapter 3 to chapter 8. They are 

presented accordingly as follows. 

Chapter 1 starts with the introduction to existing models with different level of 

complexities for simulating semiconductor lasers. The reason that we choose lD models 

as the starting point is also clarified with the emphasis on DFB lasers in the context of 

circuit or system applications. It is followed by the overview of this thesis where major 

contributions of the research work are presented. 

For lD numerical modeling of DFB lasers, there mainly exist two types of 

models: the TWM and the SWM. Their differences and respective limitations are clarified 

in chapter 2. The TWM is then introduced in detail. Basically it tracks the contra­

directional propagating fields along the optical laser cavity explicitly by solving the 

partial differential equations (PDEs) of time and space. The existing solution schemes are 

reviewed under a unified framework, among which the split-step scheme shows a 

superior performance, and therefore is implemented and validated. This scheme will be 

served as one of benchmarks of the later model development. The detailed description of 

the standing wave method is left until chapter 4. 

Chapter 3 focuses on an improvement of the conventional split-step time-domain 

traveling wave model. It is found that conventional split-step scheme actually is the first­

order approximation to the exponential evolution matrix in the optical equations. A high­
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order split-step scheme is then constructed by using the Suzuki's fractal decomposition 

approach. Simulation results confirm its higher efficiency over the conventional split-step 

scheme for the simulation of DFB lasers. 

From chapter 4 to chapter 7, the thesis is devoted to the development of the 

standing wave model where the optical field is decomposed into a set of optical modes 

resonating in the laser cavity. Existing SWMs are based on the expansion of 

instantaneous modes, also known as "hot" cavity modes under floating bias. This means 

that these eigenmodes are changing with the injection level, therefore is time-dependent. 

Searching for multiple time-dependent potential lasing modes in the complex domain is 

by no means an easy task especially when the mode hopping happens, although the 

number of eigenmodes used in the expansion can be kept to a minimum in this scheme. 

Chapter 4 and 5 developed two alternative SWMs based on the different selection of 

eigenmodes. The common feature of them is that eigenmodes are obtained at certain fixed 

reference point and only need to be searched once as a priori knowledge. This reduces the 

complexity of the existing model dramatically; however, as a trade-off, the number of 

eigenmodes has to be increased to make sure the coverage of the potential lasing mode 

when the bias is changing. For DFB lasers, the number of eigenmodes is expected to be 

limited due to the good mode-selectivity of the structure. Actually, we may find that the 

difference between the existing SWM and proposed ones are analogous to the local mode 

and global mode expansion in modelling passive waveguides, respectively. On the other 

hand, in comparison with the TWM, the proposed SWMs also exhibit higher efficiency in 

modelling DFB lasers due to the reason that a larger time step can be adopted in the 
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SWM. This is attributed to the fact that, in the TWM, the time step is scaled with the 

spatial mesh which has to be fine enough to catch the variation of optical fields; as such 

an unnecessarily small time step has to be applied. But this limitation of the time step is 

not required for the SWM, resulting in a higher efficiency. This has been confirmed by 

way ofexamples. 

In chapter 4, the optical modes are solved under the "cold" cavity, i.e. the cavity 

without any current injection. Mathematically these eigenmodes are represented by the 

eigenvalues and eigenfunctions of the "cold" cavity operator. Then, the optical field is 

expanded in terms of these eigenmodes. In other words, the space and time dependence of 

the optical field are separated, consequently resulting in a set of ordinary differential 

equations (ODEs) governing the time evolution of the modal complex amplitudes. The 

validity and efficiency of the model are demonstrated through simulation examples. This 

is then followed by the discussion of the impact of the mode truncation effects on the 

accuracy of the model. It is worth mentioning that the coupling strength of the grating is 

assumed to be bias-independent, and hence this model is applicable to simulate the index-

coupled DFB lasers. 

Chapter 5 presents an alternative standing wave model whose derivation follows a 

similar procedure as described in chapter 4. The difference is that the eigenmodes are 

now chosen to be threshold "hot" cavity modes, i.e. they are obtained when the laser is 

biased at threshold, and also needed to be searched for once. This model is aiming at 

simulating gain-coupled DFB lasers where the coupling strengths of gratings are 

dependent on the bias. The reasons we select modes at threshold as expansion basis are 1) 
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the carriers are somewhat clamped above threshold, and hence the coupling strength is 

mostly determined near threshold condition; 2) the threshold "hot" cavity modes are 

solely determined by the structure and material parameters, and are independent of the 

operating condition, which facilitates the root searching process. 

The SWMs proposed in chapter 4 and 5 focus on solultion techniques of optical 

field equations. Chapter 6, on the other hand, develops a more efficient solution to the 

standing wave model with the approximation of the carrier shape evolution under the 

moderate power assumption. Basically, the carrier density distribution can be related to 

the photon density distribution due to their highly correlated patterns. Physically, this can 

be understood that the carriers are consumed more where the light intensity is strong. 

Mathematically, the relations between these two distributions are also derived along with 

the scope of validity for the assumptions. With the approximation of the carrier density 

distribution, the complexity of the standing wave models discussed previously is then 

reduced considerably. 

In chapter 7 an attempt is made to build the linkage between OD model and lD 

model for simulating DFB lasers. The multimode photon number and phase rate 

equations are derived from the lD photon wave equations of the SWM proposed 

previously. They can be reduced into a similar form of rate equations used in OD models 

so that the relations ofparameters between these two models can be explicitly established. 

This should be ofpractical significance for system designers to understand and predict the 

various behaviors of the DFB lasers. 

12 




Chap. 1. Introduction Ph.D. Thesis - Yanping Xi - Blee. & Comp. Engineering 

Chapter 8 presents a novel design concept of the single-longitudinal-mode DFB 

laser incorporating the dispersive grating. It is known that the conventional uniform­

grating DFB laser has the intrinsic drawback of the dual-mode operation. Several 

solutions to this problem are first reviewed. Later, the dispersive grating is introduced. 

The coupling strength of this grating has the wavelength-dependent property so that one 

more wavelength selection mechanism is realized, leading to the single-mode operation of 

the conventional uniform-grating DFB laser. The previously proposed modeling 

technique is successfully applied to evaluate the novel design. 

Finally, chapter 9 summarizes the major research achievements in this thesis and 

lists suggestions for future work. 
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Chapter 2 

lD Numerical Models for DFB Lasers 

2.1 Introduction 

In fiber-optic communication systems, the optical source with the properties of 

stable single-mode operation and narrow spectral linewidth are highly desired [38]. The 

most widely used laser structure is the DFB laser, or less frequently the DBR laser, where 

an etched diffraction grating is included within the laser cavity, acting as a wavelength 

selective mechanism. In DFB lasers, the grating is integrated with the active laser along 

the whole length of the cavity. In contrast, DBR lasers have the passive grating which is 

separated from the gain region. The schematic diagrams for these two structures are 

shown in Figure 2.1. 

(a) (b) 

Figure 2.1 Schematic diagram for (a) the DFB laser and (b) the DBR laser 

14 




Chap. 2. lD Numerical Models Ph.D. Thesis - Yanping Xi - Blee. & Comp. Engineering 

The working principle of a uniform-grating DFB laser with AR-coated facets was 

first explained by Kogelnik and Shank using the coupled-wave theory [ 19] where only the 

threshold analysis are carried out. More complicated designs of DFB lasers such as ).j4 

or 2 x )./8 phase-shifted devices [39], [ 40] have called for efficient numerical models for 

device optimization and development. These models should be able to predict both the 

static and dynamic performances of the laser diode. The laser dynamics involve the 

nonlinear interplay between the carriers and photons inside the laser cavity. The optical 

waves inside a resonator are travelling back and forth, and interacting with the gain 

medium along the laser cavity. These waves suffer losses, but also experience the optical 

gain caused by the holes and electrons being stimulated into recombining at a rate which 

increases with the injected carrier density. Generally speaking, such laser dynamics need 

to be described by three equations, one for the field, one for the carrier and one for the 

polarization. In a semiconductor laser, the decay time of the polarization is normally 

smaller than the decay time of the optical field. This means that the polarization can 

respond to the field instantaneously, as such the polarization can be adiabatically 

eliminated. However, this is not true for the carrier which has a decay time much longer 

than that of the field. As a result, two sets of equations will be necessary to describe the 

dynamic characteristics of the semiconductor lasers: the hyperbolic partial differential 

equations governing the complex amplitude of the optical field (in fact, its slow varying 

envelope) nonlinearly coupled with a set of ordinary differential equations governing the 
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carrier density within the active region of the laser cavity. These two subsystems are 

solved in a self-consistent manner. 

Current Injection 

• 
Carrier Rate Equation .. N(z,t) 

• 
Material Gain Model 

g(z,t) 

r 

Optical Equations (SWM or TWM) 

P( z,t) F(z,t),R(z,t) 

,• 
Output Power Spectrum 

(Lasing Frequency) ~ut(t) 

Figure 2.2 Simulation process of lD model used in this thesis 

Shown in Figure 2.2 is the diagram of the basic simulation process adopted in this 

thesis. It is worth mentioning that temperature-induced variations in the performance of 
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semiconductor lasers are not considered here. This effect can be readily included by 

adding the heat transfer equation as described in [41], [42], ifnecessary. This ID model is 

able to carry out the following analysis: 

~ Threshold Analysis 

~ Steady state analysis 

~ Small-signal analysis 

~ Large-signal analysis 

~ Spectrum analysis* 

~ Noise analysis* 

* Although the gain dispersion effect can be neglected for DFB Lasers in most cases, 

accurate spectrum analysis is achieved if the gain dispersion is included. The noise 

analysis can also be carried out by adding a J,angevin noise term to the carrier rate 

equation, which is not included in this thesis. 

The governing equations for each function block in Figure 2.2 will be introduced 

in Sec. 2.2. Two different ID simulation methods for DFB lasers, namely the traveling 

wave model and the standing wave model will be described in Sec. 2.3 and Sec. 2.4, 

respectively. 
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2.2 Governing Equations 

2.2.1 Optical Field Equations 

From the well-known Maxwell's equations, the time-dependant coupled-wave 

equations which govern the slowly varying envelopes F(z,t)and R(z,t)of the forward 

and backward traveling optical fields in active/passive devices can be written as [ 43] 

1 BF(z,t) BF(z,t) -(rg _ai _ ·s:)F( ) . R( ) - ( )+ - Ju z,t + JK1 z,t +s1 z,t , (2.1) 
vg ot Bz 2 2 

1 BR(z,t) BR(z,t) ai ·s:)R( ) . F( ) - ((rg )-...;_""'-- = ----Ju z t +JK z t +s z t (2.2)
V g Bt Bz 2 2 ' r ' r ' 

where vg is the group velocity, a; is the internal loss and r is the optical confinement 

factor describing the proportion of the optical power that travels within the active region. 

K1 (Kr) is the coupling coefficient that couples the backward (forward) into the forward 

(backward) wave due to the grating. Their general form can be written as [44], [45] 

Kl = (Ki + jKg )ejO(z) 
(2.3) 

kr =(Ki+ jKg)e-jO(z) 

where Ki and Kg are real numbers denoting the coupling coefficient of the index and gain 

grating, respectively. Equation (2.3) assumes that the phase difference between the gain 

and index grating is either 1l {K;Kg < 0) or 0 { K;Kg > 0) . This assumption is valid due to 

the reason that, from the experimental point ofview, K; and Kg are most likely caused by 

the "same" geometric grating. Theoretically, these two cases are also shown to be most 
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advantageous [ 46]. B(z) defines the initial phase of the grating and its z-dependency 

takes the phase-shifted grating into account if the multi-section structure is considered. 

For the single-section uniform DFB grating with zero initial phase, we have 

1) K1 =Kr =K; for a pure index grating, i.e. K1 =K; (Kg =0) 

2) K1 =Kr = jKg for a pure gain grating, i.e. K1 =-K; ( K; =0) 

for an in-phase complex grating 

for an anti-phase complex grating 

As a result, we may define that 

(2.4) 

where K can be real, imaginary or complex, depending on the detailed structure of the 

grating. 

The parameters g is the material gain given by 

(2.5) 

where gN is the differential gain coefficient, N0 is the carrier density at transparency, & 

is the nonlinear gain saturation coefficient and P is the photon density given by 

IFl2 
+ IRl2 

• This empirical model is generally used for describing the semiconductor laser 

and proven to be very successful [5], [47]. The parameters in the above gain model can be 

determined either through fitting from numerically calculated gain or from experimental 

data [48], [49]. It is worth mentioning that Eq. (2.5) is valid for bulk active region. The 

19 




Chap. 2. lD Numerical Models Ph.D. Thesis - Yanping Xi-Elec. & Comp. Engineering 

logarithmic gain model is a better approximation to the peak gain for quantum well active 

region although Eq. (2.5) can still be used in a limited range [50]. 

The detuning factor 8 in Eq. (2.1) and (2.2) denotes the deviation in propagation 

constant from Bragg condition, 

(2.6) 


where A-0 is the reference wavelength, n~tr is the effective refractive index without 

injection, and A is the grating period. In semiconductor lasers, a change in gain !:ig will 

be accompanied by a change in refractive index !:in via the Kramers-Kronig (K-K) 

relations [51]. The linewidth enhancement factor am, also known as Henry's factor, 

defines the ratio of these two changes as [42] 

dn/dN 4Jr 
a=- ·-. (2.7) 

m dg/dN Ao 

By the definition ofEq. (2.7), am is a positive dimensionless number. Using Eq. (2.7) and 

choosingA-o =2n~A, Eq. (2.6) becomes 

(2.8) 


Equations (2.1) and (2.2) can then be written as 

1 aF(z,t) aF(z,t) . ) a; ]F( ) . R( ) - ( )[f'g (l+ = - +Jam -- z,t + JK z,t +s1 z,t (2.9) 
vg at az 2 2 

1 aR(z,t) _ aR(z,t) -[f'g (l . )- a; ]R( ) . F( ) - ( )--'----'- - +Jam z,t + JK z,t +sr z,t . (2.10) 
vg at az 2 2 
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Finally, s1 and sr denote the spontaneous emission noises which can be 

approximated as Gaussian random processes with zero mean [5] and satisfying the 

following correlation relation 

(2.11) 

where L is the length of the laser cavity, Ktr is the transverse Petermann factor, pis the 

spontaneous coupling factor, 8 denotes the Dirac delta function and Rsp is the 

spontaneous recombination rate which will be discussed in the next section. 

With a laser cavity of length L extending from z =0 to z =L , the boundary 

conditions at the terminating facets are given by 

F(O,t) = 1jR(O,t), R(L,t) = r2F(L,t) (2.12) 

where 1j and r2 are the field reflectivity of the left and right facet, respectively. Through 

this boundary condition of the longitudinal equation, the mirror losses enter the formalism 

in a very natural way. 

The output power from the left or right facet can be obtained from the photon 

density at z =0 or z =L, respectively [43], [52] 

P~,(t)= ~ ug z(1-1i2 )(IF(O,t)l
2 
+IR(O,t)l

2 
) (2.13) 

P~,(t)= ~ vg z(1-r22 )(IF(L,t)l
2 
+IR(L,t)l

2 
) (2.14) 

with h being the Planck's constant, w and d the width and the thickness of the active layer 

respectively. 
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2.2.2 Carrier Rate Equation 

The change of the carrier density N inside the active region is governed by a rate 

equation describing the generation and recombination of carriers from the viewpoint of 

particle balance 

dN =R -R (2.15)
dt gen rec 

The first term on the right-hand side Rgen is the rate of injected carrier due to the 

external pumping given by 

R = 1/J (2.16)gen V 
e a 

where I is the injected current, e the electron charge, 1/i the injection efficiency and V,, is 

the volume of the active region of the laser diode ( v;, = wdL ). 

The second term on the right-hand side Rrec is the recombination rate of carriers 

including four physical processes as follows 

(2.17) 

where Rsp is the spontaneous radiative recombination rate with Rsp - BN2 
; Rnr is the 

nonradiative recombination rate with Rnr - AN+ CN3 
; Rs1 is the net stimulated 

recombination rate with Rs1 - vggP which leads to the emission of the coherent light. 

The coefficient A, B and C are the linear recombination coefficient, the bimolecular 

recombination coefficient and the Auger recombination coefficient, respectively. The 

term R1 is a carrier leakage rate due to lateraVtransverse diffusion which is often 
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negligible, consequently will not be included here. Thus, the carrier density rate equation 

(2.15)maybewrittenas [42], [53], [54] 

dN T/J 3-=--AN-BN2 -CN -v gP. (2.18)
& e~ • 

It is important to note that there is no r in the stimulated emission term of Eq. 

(2.18) while it appears in the carrier number rate equations. This is due to the fact that the 

carrier density is defined with respect to the active-region volume ~ , but the photon 

density is to the mode volume VP. It is known that the photon will have a distribution 

extending beyond the active region with VP =~ /r . The density version will be used 

through out this thesis. 

Also, it is worth mentioning, the carrier density N is a function of position z and 

time tin lD models, although we didn't explicitly write this dependency in this section. 

2.3 Traveling Wave Model 

The traveling wave model is composed of a hyperbolic system of PD Es, i.e. the 

time-dependent coupled-wave equations (2.9) and (2.10), nonlinearly coupled with a 

system of OD Es, i.e., carrier density rate equations (2.18) at different positions. They are 

solved self-consistently through tracing explicitly the evolution of envelopes of the field 

amplitudes for the forward and backward propagating modes in the temporal and spatial 

domain. In general, the structure is discretized along the waveguide axis into a number of 
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subsections so that tractable solutions can be derived for the subsections and cascaded for 

the entire structure. Consider a laser cavity of length L which is divided into M 

subsections, we may setup a mesh as shown in Figure 2.3. 

t 

I 

Rk+t: Fk+t Rk+t Fk+t n I n n+l n+l 
" I 

(k+l)M 

v.,N: 

k!it 
Rk Fk n n R:+I Fn~I 

I 

n% (n +"i)& ~ z 

Figure 2.3 Discretization of the spatial-temporal domain 

The spatial sampling interval is tiz =L/M and the time sampling interval is tit . 

The complex fields sampled at the boundary are denoted as 

(2.19) 


where the superscript k (=1, 2, · · ·, oo) denotes the time step and the subscript 

n (=1, 2, · · ·, M) denotes the space step. 

The carrier rate equation (2.18) can be easily solved by the standard Euler 

methods as 

Nk+t =Nk +tit[1JJ: -ANk -B(Nk)
2 

-C(Nk)
3 
-u gkpk] (2.20)n n V n n n gnn

e a 
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Meanwhile, for optical field equations, several large signal dynamic models with 

different level of details and assumptions [55]-[61] have been developed for solving the 

time-dependent coupled-wave equations. In this section, they are introduced and 

compared under a unified framework. 

2.3.1 Unified Framework of Existing Time-Domain Solution Schemes 

Generally, there are two strategies to construct an algorithm for solving Eqs. (2.9) 

and (2.10). The most straightforward approach is to directly discretize the derivative with 

respect to time and space. The other is to approximate the formally exact solution by the 

approximation evolution matrix. We will discuss both of these two strategies, then review 

and compare existing solution schemes in their respective category as follows. 

A. Finite-Difference (FD) Based Methods 

The FD method is a well-known class of solution schemes to Eqs. (2.9) and (2.10) 

which can be written as 

( 1 a a) H' _--±-w= w+s (2.21) 
ug at az 

F(z,t)] _ [s (z,t)]where the column vector 'I' = , s = ! and[ R(z,t) sr(z,t) 

H' =[ ~ jK] (2.22) 
JK Q 
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with 

(2.23) 


Equation (2.21) can then be transformed into a matrix equation by approximating the 

derivatives with a FD formula. A first-order finite difference approximation to the partial 

derivatives in Eq. (2.21) reads 

Fk+I FkfJF fJF F,,:1 - F,,kn+I - n+I = = 
at ll.t oz ll.z (2.24)

Rk+I -RkfJR fJRn-I n-I R: -R:_1-== 
at ll.t oz ll.z 

Plug Eq. (2.24) into (2.21), the final marching scheme can be derived as 

(2.25) 

where 1lr =vgll.t I ll.z, I denotes the unitary matrix and the parameters Q and Kin H' are 

assumed to be constants within each subsection. 

We may notice that the FD scheme in Eq. (2.24) is actually the forward-time 

backward-space (FTBS) scheme. The consistency of this scheme is proved in Appendix 

A. The stability of this scheme can be studied by using the well-known Von Neumann 

Analysis [62] which is also presented in Appendix A where the stability condition is 

derived to be 11r ~ 1. The condition 1lr = 1, i.e. ll.t = ll.z/vg , is usually adopted to bring 

the maximum computation efficiency, leading to the marching scheme in [55], [56]. 

F,,~~1] = (l +Qll.z) [F,,k] +jK!l.z[~J+ ll.z[s~ J (2.26)[Rk+I n,k Rk Fk k
n-I n n Srn 
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There are three other first-order FD schemes, namely the forward-time forward-

space (FTFS) scheme, the backward-time forward-space (BTFS) scheme and the 

backward-time backward-space (BTBS) scheme. Through a similar method shown in 

Appendix A, it can be proved that 

1) FTFS scheme is consistent, but not stable; 

2) BTFS is consistent and stable for rJr > 1; 

3) BTBS scheme is consistent and unconditionally stable. 

The BTFS and BTBS scheme are implicit schemes, consequently involving 

considerable extra computation burden. It is also found that the second order FD schemes 

such as the Crank-Nicholson scheme and box scheme can achieve a higher accuracy with 

the properties of unconditionally stable. However they are also implicit [63]. As a result, 

the explicit first-order FTBS FD approximation is still preferred in most cases compared 

with the implicit schemes and its resulting solution scheme allows for easy 

implementations and the fast computational speed. 

B. Methods Based on Approximations to the Formal Solution 

The optical field equations (2.9) and (2.10) can be reformatted into the following . 

matrix form: 

Ov H ­-= '"+S (2.27)OZ zT 

where the matrix operator Hz is defined as 
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H =[Q-v;'(o/ot) }K ]· (2.28) 
z -JK -Q+v;' (a/at) 

The formal solution ofEq. (2.27) takes the following form 

'!l(Z + ~) =e&H,'ll(Z) + r+& e(z+&-u)H,S(u,t)du 
(2.29) 

::: e&H, [ '!l(z)+s(z,t)~J 

The other class of solution schemes is based on the approximation to the 

evolution matrix operator e&"· . They are introduced as follows: 

1) Weak Coupling Approximation (WCA) Method [57], [58] 

The off-diagonal terms of the operator Hz in Eq. (2.28) represent the cross-

coupling between contra-propagating waves inside the laser cavity and they are normally 

much smaller than the self-coupling terms, i.e. the diagonal terms of H. . Under this 

assumption, the cross-coupling effects can be viewed as a perturbation to the self-

coupling ones. Firstly, by neglecting cross-coupling terms, the evolution matrix operator 

can be approximated by 

(2.30)
&iJ l'0 

-Q·& vgote e 

such that 

[F~:,] =[eQ"'e-~! 0~] [~:]. 
 (2.31) 
R:i+1 -Q& v at R:i0 e e g 

n,k 
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It is known that the forward propagating wave F travels from n to n+1 in space, but the 

backward propagating wave R travels from n+1 to n. After reordering Eq. (2.31 ), we have 

0 ] n[pk] (2.32)Q& k • 
e . n,k Rn+I 

The final marching scheme is obtained after adding back the perturbative cross-coupling 

terms and the noise, 

(2.33) 

where t::..t = t::..z/vg and the following relation have been used 

/':J~ a 2e 011,k = [ l+-!::..t+--(t::..t)1 a 2 

+···J/,k =/,k+I (2.34) 
n ot 2! 8t2 n n 

with/ can be either F or R. Comparing Eq. (2.33) with the FD scheme Eq. (2.26), we 

found that the linear term in Eq. (2.26) is actually the first-order approximation of the 

exponential term in Eq. (2.33). 

2) Instantaneous Complex Frequency (!CF) Method [59] 

If the assumption is made that the fields vary in time as 

1o[F(z,t)] [F(z,t)]
-- :::::O(z t) (2.35) 
vg ot R(z,t) ' R(z,t) ' 

the evolution matrix operator in Eq. (2.29) becomes 

(2.36) 

with 
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, [(Q-O)M jkM ] (2.37)
Hz= -jkM (-Q+O)M 

The matrix in Eq. (2.37) can be diagonalized by finding its eigenvalues, taking its 

exponential and transforming it into the proper order. Finally, Eq. (2.29) gives: 

(2.38) 

2 2where y =(Q-0)2 
+ K and n can be estimated from the previous time step as 

(2.39) 

where !l.t = M/vg is also applied. 

3) The Split-Step (SS) Method [60], [61] 

Another popular method for solving the time-dependent coupled-wave equations 

is called the split-step time-domain model (SS-TDM). As the name itself implies, this 

method is based on the operator split, i.e. the operator Hz in Eq. (2.28) can be split into a 

field propagation operator H1 and coupling operator H2 as follows 

(2.40) 

0 jK] (2.41)H2= .[ -jK 0 

In this algorithm, the evolution matrix operator in Eq. (2.29) becomes 

(2.42) 
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The solution can be obtained by solving the two exponential operators in Eq. 

(2.42) sequentially within each subsection. The final marching scheme is derived to be 

pk+I] [ Q·l!.z (
n+I _ e

Step 1: (2.43)[Rk+I - 0 
n 

Step 2: (2.44) 

During the derivation, the relation lit= liz/vg and Eq. (2.34) are also used. This 

scheme also assumes that all parameters within each subsection are all constants. 

C Scheme Comparisons 

The FD based methods, although have the advantages of simplification and fast 

speed, require very fine mesh in order to achieve high-degree of accuracy, especially 

when the variation of the field is large along the waveguide. It is shown that a very fine 

mesh of l1z ~ lOµm is necessary in order to obtain a satisfying accuracy [55]. 

The week coupling approximation method use an exponential term to express the 

incremental change of the amplitude and phase of the optical field during the self-

coupling process. Eq. (2.33) reduces to the exact solution for the FP laser in the absence 

of gratings. As such, it is concluded that this scheme is more accurate than the FD scheme 

of Eq. (2.26). However the improvement is limited due to the restriction to the coupling 

coefficient. 
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In the instantaneous complex frequency method, n ( z, t) is estimated from the 

previous calculated results and assumed to be a constant within each time step such that 

the exact solution to the spatial variation of the field can be obtained, consequently is 

shown to be more accurate than the previous two methods. However, it requires that the 

complex fields can not change drastically over a single time step. The inherent instability 

of the algorithms becomes more serious when large detuning factors and coupling 

coefficients are involved in the structures due to the inaccurate estimation of the 

instantaneous complex frequency. Moreover, the assumption that optical fields follow the 

harmonic time dependence puts a more stringent condition to the problem it can apply. 

The split-step method is a more general scheme than the instantaneous complex 

frequency method. The error of this scheme comes from the non-commutative property of 

the divided operators in the approximation of Eq. (2.42). This error can be reduced by 

using a relatively small discretization !1z especially when the coupling strength is very 

strong. In comparison with all the previously introduced schemes, the split-step method is 

shown to be a more efficient algorithm under the required accuracy [ 61]. 

The above comparisons are summarized in Table 2.1. 

FD WCA ICF SS 

Efficiency not efficient efficient very efficient very efficient 

Scope of applications general general not general general 

Table 2.1 Scheme comparisons 
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2.3.2 Implementations 

Due to the superior performance of the SS-TDM in modeling the DFB laser, its 

simulation results are chosen as one of benchmarks used for comparisons in the later 

study and development of the lD model. The numerical implementations of this model 

will be verified in this section through comparing with published results in terms of the 

static and dynamic characteristics of the DFB laser. The laser parameters are chosen to be 

same as those used in the literature being compared with. 

A. 	 Static Performances 


1) Light-Current (LI) Curve 


The change of the output power at the facet against injection current is described 

by the so-called LI curve, which is obtained by allowing the turn-on transient to settle for 

each injection level, then averaging the output power over certain time span to reduce the 

effects of the intensity noise [64]. The LI curve gives a typical DC response of a laser 

diode, where we can also estimate the threshold current I,h , defined as the current 

required to create a threshold gain to start lasing, and the differential quantum efficiency 

1Jd, defined as the number of photons out per electron in. One example of LI curve is 

calculated by the SS-TDM in Figure 2.4 with the result from reference [65] shown for 

comparison. It is seen that I,h is around 33mA and 1Jd is estimated to be u 42.2% from 

= 2 (!l_Jd~ut 	 (2.45)
l]d 	 hf di 
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where the factor 2 accounts for the total output power from both facets for the 

symmetrical structure under investigation in [ 65]. 

--SS-TOM 
.._ Ref [65] 
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Figure 2.4 Light-current curves for the J.,/ 4 -shifted DFB laser with KL =2 

2) Longitudinal Carrier Density Distribution 

Figure 2.5 shows the CW carrier density distribution along the longitudinal axis of 

the laser cavity for a quarter-wave-shifted ( J.,/4 -shifted) DFB laser with KL =2. This 

figure indicates the longitudinal non-uniformity of the carrier density, known as the 

longitudinal spatial hole burning (LSHB) effect which is prominent for the J.,/ 4 -shifted 

DFB laser with KL > 1.25 [39]. 
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Figure 2.5 Longitudinal carrier distributions for .A.,/4-shifted DFB laser with KL= 2 

B. Dynamic Performances 

The transient response is all important to the large signal modulation 

characteristics where the laser is initially biased near threshold and modulated with a 

current step function. Due to the mismatch between the photon life time and carrier life 

time, a damped oscillation of the transient response is expected to show up. Figure 2.6 

shows a simulation example, where two different nonlinear gain saturation coefficients & 

are applied. The relaxation oscillation frequency is - 2.5GHz, and the response reaches to 

its static state in - 3 .5ns for & = 10-17 
• This decay time is shown to be greatly reduced 

with a larger nonlinear gain saturation coefficient&= 10-16 
• 

Figure 2.7 calculates another example described in [57] where the optical pulses 

are generated by the cascade of two gain-coupled DFB sections with detuned Bragg 

wavelength. It is seen that SS-TDM can successfully capture the beating of two lasing 

modes with the beating period being approximately l .6ps. Again this result is consistent 

with that in [57]. 
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Figure 2.6 Transient responses for the.11/4-shifted DFB laser with KL= 2 
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Figure 2.7 Mode beating in the two-section DFB laser 
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2.4 Standing Wave Model 

For resonating laser structures with large variation of the carrier/photon density, 

the traveling wave approach is not computationally economical and also lacks the 

intuitive appeal. The standing wave approach [41], [66]-[68], on the other hand, assumes 

there exist a set of resonating spatial modes in the laser cavity and expands the optical 

field in terms of these modes. As such, it concerns only with the temporal evolution of the 

amplitudes of these modes and reduces the traveling-wave partial differential equations to 

a set of ordinary differential equations. 

As a result, the standing wave model is composed of a system of OD Es governing 

the interaction between the optical field (their slow-varying envelopes) and the carrier. 

More details of the standing wave model will be introduced and reviewed in chapter 4. 

2.5 Summary 

In this chapter, the numerical lD model and pertinent governing equations for 

simulating the DFB laser are first described. There are normally two numerical models, 

namely the TWM and the SWM, corresponding to different solution techniques. Several 

major existing large signal time-domain TWMs are reviewed and compared under a 

unified framework. The TWM by using the split-step scheme is shown to be an algorithm 

with higher accuracy and efficiency, consequently is implemented and verified by way of 

examples, with the intension of serving as one of benchmarks for the later model 

development. The SWM, on the other hand is briefly introduced. More details will be 

discussed in chapter 4. 
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Chapter 3 

High-Order Split-Step Traveling Wave Model 

3.1 Introduction 

In conventional SS-TDM, the exponential operator was split into a field 

propagation and coupling operator as shown in Eq. (2.42). Closed-form analytical 

solutions are derived for both operators and overall solutions are obtained by solving the 

split operators consecutively along the waveguide axis in the time-domain. The main 

source of error of the SS-TDM comes from the non-commutative property of the divided 

operators. Thus far, however, only the lowest-order operator splitting has been utilized for 

this method. 

High-order decomposition of exponential operators has been utilized and 

examined in different areas [69]-[77] such as quantum mechanics, statistical physics, 

pulse propagation in nonlinear fibers, etc. In this chapter, the high-order split-step scheme 

is applied to further reduce the error of the existing SS-TDM in simulating grating-based 

optical devices such as DFB lasers. The accuracy and efficiency of the proposed higher­

order scheme are validated and assessed by way of comparisons with the conventional 

split-step solutions for several typical examples. 

38 




Chap. 3. High-Order SS-TDM Ph.D. Thesis - Yanping Xi -Blee. & Comp. Engineering 

3.2 	 Suzuki's Construction and Symmetry Theorems for the 

Exponential Operator 

In this section, we will first introduce two theorems related to the exponential 

operator approximation on which the proposed high-order split-step approach based. 

Construction Theorem [72]: 

For the exponential operatorexp[Llz(H1 + H2 +· · · Hq )] , if we have the 

following (m-l)th approximant: 

(3.1) 

the mth approximant Sm (x) is constructed as follows: 

(3.2)Sm(Llz) =nr 

Sm-1 (Pm,jilz)' 
j=I 

for r ~ 2, where the parameters Wm,j} are the solutions of the following decomposition 

condition that 

r 	 r 

LP:,j 	=0, with LPm,j =1. (3.3) 
j=l 	 j=l 

It is noticed that, in Eq. (3.3), the superscript "m" denotes the mth power of p and the 

subscript indicates the index of p. This theorem presents a general scheme to find a 

systematic series of approximants to the exponential operator by using a recursion method 

and its proof can be found in [72]. 
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Symmetry Theorem [70], [72]: 

If the original operator F(x) with a parameter xis symmetric in the sense that 

F(x)F(-x) =1; F(O) =1, (3.4) 

and for it we construct a symmetric (2m-1 )th order approximant S2m-t (x) , namely, 

F(x) =S2m-t (x) +o(x2 
m ), (3.5) 

where 

S2m-1 (x)S2m-1(-x)=1, (3.6) 

then, s2m-1 (x) and s2m (x) are both x 2 
m order accurate, namely 

s2m-1 (x) = s2m (x). (3.7) 

This symmetry property of decomposition was presented in [70] and proved in [72]. 

3.3 High-Order Split-Step Scheme 

A systematic approach to construct approximations to the matrix exponential in 

the formal solution Eq. (2.29) is to make use of the Lie-Trotter-Suzuki product-formula 

[69] which states 

(3.8) 

Equation (3.8) suggests that 

S ( A-)- ~H1 ~HP 
1 ~ -e ... e . (3.9) 

It can be shown that [70] 
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where 

(3.11) 

From Eq. (3.10) it follows that if Hj and Hk (j ::t= k) are non-commuting 

operators, S1(L1z) might be a good approximation to the evolution matrix S(L1z) provided 

L1z is sufficiently small. In general, the Taylor series of S(L1z) and S1(L1z) are identical 

up to first order in L1z. As a result, S1(L1z) is the first-order approximation to S(L1z). The 

conventional split-step solution method proposed in [61] falls into this category, where 

the exponential operator in Eq. (2.29) is approximated by e&-Hz ~ e&-Hie&-Hz, with H 1 

and H 2 defined in Eq. (2.40) and (2.41), respectively. 

The simplest second-order approximant S2 ( L1z) 1s given by the following 

symmetric product [69], [72] 

where S1(&I 2) = i 1
z/z)Hi e(e.z/z)Hz , s;(L1z I2) is the reverse-order product of S1(L1zI2), 

. S'( A-/ 2) = (t.z/2)H2 (t.z/2)H1i.e. 1 L.l,;::; e e . 

By applying the Construction Theorem, the third-order symmetric approximant 

S3 ( L1z) can then be constructed by 

(L1z') =S2 (al1z')S2 ((1-2a)L1z')S2 (al1z). (3.13)S3 
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r = 3 in Eq. (3.3) is chosen in the construction. The reason is that for the symmetric 

decomposition, r ~ 3 should be satisfied. As a result, r =3 can lead to the real 

symmetric decomposition with a minimum number of exponential operators. It is noted 

that we may carry real decomposition or complex decomposition. The real decomposition 

is not a requirement by Eq. (3.3). However, it is claimed that the complex coefficient 

decomposition is not stable and not suggested to be used for splitting the exponential 

operator [78]. On the other hand, one recent literature [79] claims the complex 

decomposition is stable for a sufficiently small step size. From our previous experience 

on numerical modeling, the unphysical complex number in the exponential function may 

cause the divergence of the program. We hence prefer to choose the real solution if the 

real roots can be found from Eq. (3.3) in our case. The parameter a, according to Eq. (3.3) 

, is thus calculated to be ( 2 - \12)-1 

, which is the real solution of the equation 

2a 3 + (1- 2a) 3 =0. (3.14) 

We may further notice that, according to the Symmetry Theorem, the third-order 

symmetric approximant S3 ( D.z) is correct up to the order ofx 4 
, i.e. 

(3.15) 

By using the same construction rule recursively, the general form of high-order 

real symmetric decomposition reads 

s2m (D.z) =s2m-1 (D.z) 
(3.16) 

=Szm-2 (amD.z)S2m-2 ((1-2am )D.z)S2m-2 (amD.z) 

where 
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1J-1 am= 2-22m-l (3.17)( 

Once the high-order recursion scheme is established, the numerical 

implementation of the high-order split-step scheme by using the conventional first-order 

split-step algorithm is straightforward. 

In our simulation, the second-order and third-order symmetric decomposition 

were both implemented. It was found that the third-order scheme can bring us more 

salient improvement in terms of the accuracy of the simulation result. It is worth 

mentioning that to carry the decomposition to a very high order will not offer much in 

terms of the accuracy, yet add significantly in computational effort. It is found that 

increasing from 3rd order to 5th order, the number of exponential operators required to be 

calculated more than double. As a result, the third-order SS-TDM will be adopted and 

compared with the conventional SS-TDM in the next section. 

As such, the formal solution of Eq. (2.29) is approximated by the third-order 

approximant as follows 

'l'(Z + &',t) = eAzH, [ 'l'(z,t) +&' ·S ( z,t)J 
(3.18) 

~ S3 (&') [ V(z,t) +&' ·s(z,t)J 
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3.4 Model Validation and Applications 

A. Distributed Bragg Reflectors (DBR) 

The reflection property of the corrugated waveguide is investigated as the first 

example to examine the high-order split-step scheme. We calculate the reflection 

spectrum of the distributed Bragg reflector with KL= 6 (the product of coupling 

coefficient and length). Simulation results of the third-order scheme and the conventional 

first-order scheme are both shown in Figure 3.1 where the exact analytical solution [80] 

(solid line) is presented as the benchmark. 

2.0 1.0 

c 0.8 

i .. 0.6.. 
& '/.. 

1.5 r·4 
... 0.2 

c o.o0 
;; 1548.6 1548.8 1549.0
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0:: ... 
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Figure 3.1 Comparison of the power reflectivity among the exact analytical solution, the 
l 5t-order SS-TDM and the 3rd-order SS-TDM 
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It is observed from Figure 3.1 that, although all three methods appear to yield the 

same results for the power reflectivity in the stop-band, noticeable difference among the 

different methods is observed for the edges of the stop-band as well as for the side lobes. 

To illustrate this point, we investigated the zero-reflection wavelengths in the reflection 

spectrum shown in Figure 3.1 as a function of number of subsections. The wavelength 

deviation versus the number of total subsections is plotted in Figure 3.2. It is observed 

that the locus of the zero-reflection indicated by the arrow is converged to the analytical 

solution at different number of subsections M for the different method. For instance, 

convergence is realized at M=l20 for the first-order SS-TDM and M=60 for the third­

order SS-TDM, respectively. Hence, only half of the number of subsections is needed to 

achieve the same level of accuracy by the high-order scheme in comparison with the first­

order one. 

Further, we calculate the percentage error of the power reflection and show the 

results in Figure 3.3. The percentage error of the power reflection is defined as 

( ~IR(A,}- il. {A, ll' / ~jil.(A,ll'}100% , where A, E ( 1548, 1552) nm , R(A,) denotes 

the power reflection of the distributed Bragg reflector at different wavelength calculated 

by the numerical solution whereas R(A;) denotes the power reflection obtained by the 

analytical formula in [80]. 
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Figure 3.2 Wavelength deviation from the analytical solution for the locus of the zero­
reflection wavelength indicated in Figure 3.1 
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B. Distributed Feedback (DFB) Lasers 

In this section, the index-coupled, in-phase and anti-phase complex-coupled DFB 

lasers are examined to demonstrate the accuracy and efficiency of the high-order split-

step scheme. The basic parameters used in our simulation are listed in Table 3.1. The 

injection current is lOOmA. Both of the facets are AR-coated. 

Parameters 

Grating period A (nm) 

Bragg order 

Active region width w (µm) 

Active layer thickness d (µm) 

Laser length L (µm) 

Confinement factor r 
Effective index without injection neffO 

Group index ng 

Internal loss a (cm-1
) 

Differential gain gN (10-16 cm 2) 

Transparent carrier density N 0 (1018 cm­3
) 

Nonlinear gain saturation coefficient & (1 O~cm3
) 

Carrier dependence of index dnjdN (10-20 cm3
) 

Linear recombination coefficient A (1 O" s­1 
) 

Bimolecular radiation coefficient B (l O::w cm"3 s::r) 

Auger coefficient C (lO=Ncm0 s.:r) 

Spontaneous emission coefficient f3 
Petermann factor (.K) 

values 

244 

1 

1.5 

0.2 

500 

0.1 

3.2 

4 

20 

7 

1.8 

0 

-4.371 

1 

1 

0 
10-4 

1 

Table 3 .1 DFB laser parameters used in the simulation 
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Figure 3.4 shows the normalized output power versus the number of subsections 

for the index-coupled DFB laser withlKLI =3. The output power calculated from the case 

where the subsection number is 1000 is taken as the benchmark solution. It is observed 

that, the third-order scheme converges faster to the benchmark solution than the 

conventional first-order scheme. 
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Figure 3.4 Comparison of the normalized output power under different number of 
subsections for the index-coupled DFB laser 

We have also simulated the in-phase and the anti-phase complex-coupled DFB 

lasers with IKLI =4 and shown the results in Figure 3.5(a), (b), respectively. The gain 

coupling ratio is approximately 23%. The change of the photon distribution along the 

laser cavity with the increase of the total number of subsections is also plotted in Figure 

3.6 for the anti-phase complex-coupled DFB laser. It can be seen that the photon 
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distribution only deviates from its actual value slightly for the third-order scheme even at 

a very small number of subsections. 
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Figure 3.5 Comparison of the optical output powers between the 1st-order and 3rd-order 
SS-TDM for (a) in-phase complex-coupled DFB lasers (b) anti-phase complex-coupled 
DFB lasers 

49 




Chap. 3. High-Order SS-TDM Ph.D. Thesis - Yanping Xi-Blee. & Comp. Engineering 

-t>- 1st-order (M=40) 
-a- 3rd-order (M=40) 

9 __.._1st-order (M=10) 

8 
... -E 1

CJ 
ID­... 
~ 6-~ ·- 5II) 
c 

~ 4 

c 


~ 3 

.c: 
D.. 2 

1 

0 100 200 300 


Cavity Length (µm) 

Figure 3 .6 Photon density distributions along the laser cavity calculated by different 
schemes with different number of subsections M 

From simulation results, we can draw such a conclusion that, in terms of 

convergence, the third order scheme has a better performance than the conventional SS­

TDM. This is attributed to the fact that less error is introduced when splitting the 

exponential operator. 

3.5 Comparison of the Computation Efficiency 

In the last section, we have demonstrated the superiority of the high-order split-

step scheme over the conventional scheme in terms of its faster convergence to 

benchmark results with the change of the space discretization size along the laser cavity. 

We will then examine their computation efficiencies in thi~ section. 

-11- 3rd-order (M=10) 

400 500 
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For the optical field to propagate one space/time step forward, the computation 

time taken by the high-order scheme is obviously longer than that of the conventional 

one, due to the reason that more divided operators have to be calculated for high-order 

scheme within each step. This is illustrated in Figure 3.7, where we compared the 

computation time taken by these two schemes with the given spatial mesh size. The 

computation time is obtained as that required for simulating the anti-phase complex­

coupled DFB laser during a 5ns real time frame. 

However, despite the fact that the computation time required for the third-order 

SS-TDM is more than that of the first-order scheme, it is found that the same level of 

accuracy can be achieved by the third-order SS-TDM with much smaller number of 

subsections. In this sense, the efficiency of the third-order scheme is in fact higher than 

the conventional scheme. Shown in Figure 3.8 is an example where the normalized output 

power and the computation time are plotted in the same figure for comparison. It can be 

seen that only 40 subsections are required for the third-order scheme (indicated as point 

A), while 80 for the conventional first-order scheme (indicated as point B) to achieve the 

output power within the error of about 0.5%. Obviously, the computation time for the 

third-order split-step scheme is less than 113 needed for the conventional split-step 

scheme. This can be seen more clearly in Figure 3 .9 where the change of the computation 

time for different schemes with the error of output power is shown. The amount of time 

which can be saved by using the high-order scheme varies with the different device 

structures and also with the errors the users can accommodate. 
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Figure 3.7 Comparison of the computation time between the 1st-order and 3rd-order SS­
TDM for the anti-phase complex-coupled DFB laser 
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Figure 3.9 Computation time versus error of the output power for the 1st_order and 3rd_ 
order SS-TDM 

3.6 Summary 

In this chapter, a high-order split-step algorithm is developed to solve the time-

dependent coupled-wave equations for the optical field in a variety of grating-based 

optical devices such as DFB lasers. Simulation results show that the proposed high-order 

scheme converges faster to benchmark results with the increase of the number of 

subsections than the conventional split-step method, which implies that a larger spatial 

mesh size can be used to achieve the same accuracy as that of the conventional SS-TDM. 

Significant improvement on the computation efficiency of the conventional split-step 

scheme has been observed. As a result, it will find its promising applications on system 

modeling and optimization where computation time is of concern. 
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Chapter 4 

Standing Wave Model based on "Cold" Cavity 

Modes 

4.1 Introduction 

The traveling wave model solves the time-dependent coupled-wave equations 

directly without making any assumption about the resonance conditions and therefore is 

valid even if the laser cavity has a small Q-factor. For resonating laser structures with 

large variations of the carrier/photon density, however, the traveling-wave approach is not 

computationally economical. This is because that LSHB effects force us to use very fine 

mesh in space to catch large non-uniformity of the carrier/photon distribution, therefore 

unnecessary small time step has to be applied to ensure the stability of the algorithm. The 

standing wave model, on the other hand, assumes there exist a set of resonating spatial 

modes in the laser cavity, which in general represent all possible natural oscillations of 

the optical field in a resonator. The optical field is then decomposed into these modes. As 

such, it concerns only with the temporal evolution of the amplitudes of these modes and 

reduces the traveling-wave partial differential equations to a set of ordinary differential 

equations. 

The existing standing wave models are all based on resonance modes of the cavity 

under different bias (i.e., modes under "floating" bias) [66]-[68], which means that, if the 
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injection current is time-dependent, all the resonance modes have to be solved for 

multiple times accordingly. This is not computational efficient. Moreover, in practice, the 

calculation of these bias-dependent "hot" cavity modes is by no means an easy task as it 

frequently involves searching for multiple potential lasing modes in the complex domain. 

Missing the potential lasing mode might happen when mode hopping happens. 

In this chapter, a time-domain standing-wave model based on "cold" cavity 

modes expansion (SWM-CCM), i.e. modes of the laser cavity without any injection, is 

proposed and developed. These "cold" cavity modes are able to capture the structural 

features of the laser cavities (e.g., the grating profiles, phase shifts, facet conditions, etc.) 

and are computed only once, independent of pumping conditions. The optical fields are 

then expanded in terms of these modes. Two types of widely used DFB lasers, uniform-

grating DFB lasers and ).,/4 -shifted DFB lasers are simulated by using the presented 

approach. The simulation results are compared with the well-established traveling wave 

model. 

4.2 Eigen-Solutions of the "Cold" Cavity Modes 

By using the matrix notation, the time-dependent coupled wave equations (2.9) 

and (2.10) can be rearranged as 

(4.1) 

with s
1 
=vgs and the matrix operator 
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rg(l+ jam)/2-aj2-fJ/Bz jK ]
Ht =v ( I . (4.2) 

g [ jK rg 1+ jam) 2-aj2+B/Bz 

The operator Ht in ( 4.2) can always be split into two parts with one corresponding 

to "cold" cavity, the other the bias current, i.e. 

H t =H0 +H1 (4.3) 

where the superscript "O" denotes the value associated with cold cavity and the 

superscript "I" denotes the value which is injection current dependent. For instance, the 

two operators in Eq. (4.3) will take the form of 

Ho =v [-a;/2-o/oz jK ] (4.4) 
g jK -a;/2+o/Bz ' 

(4.5) 

Mathematically speaking, the "cold" cavity modes are actually the eigenfunctions 

and eigenvalues of the evolution operator H 0 
• Consider the eigenvalue problem as follows 

(4.6) 

where <I>: = [ ~ i;n. are eigenfunctions of the operator H' with eigenvalues ~~ . 

Generally, the eigenvalues i;~ are complex numbers with the real part characterizing the 

mode decaying rate and the imaginary part presenting the shift of the resonance frequency 

from the reference frequency. The eigenfunctions give the characteristic field patterns that 

the cavity structure can support. Under the facet conditions of 

56 




Chap. 4. The SWM-CCM Ph.D. Thesis - Y anping Xi -Blee. & Comp. Engineering 

(4.7) 


H 0the eigenvalues q~ and eigenfunctions Cl>~ of the cold cavity operator can be 

calculated by using the transfer matrix method (TMM) [81], [82] as follows: 

Considering a most general scenario that all the parameters in the evolution matrix 

are z-dependent, Eq. (4.6) can be written as 

(4.8) 


with Xn =-q~ jug -a;/2. The continuous functions </JJ,r(z) are approximated by their 

discrete analogue on the section-wise uniform spatial meshes. The numerical solution to 

Eq. (4.8) for each subsection is given by 

cosh Ynllz + Xn sinh Ynllz jK sinhYnllz 
Yn Yn 

jK •nh A­
--Sl YnLU. coshynllz- xn sinhynllz 

Yn Yn 

2with r; =x; + K • Notice that the subscript n is the index of the eigenmode and m 

denotes the mth subsection along the cavity. 

1) Eigenvalues 

Assume that the device is divided into M subsections. The fields at the two ends of 

the device can then be linked through cascading the transfer matrix T as 
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(4.10) 

By applying the boundary conditions of Eq. ( 4.7), the characteristic equation 

where the eigenvalues are embedded is obtained by 

(4.11) 

For the uniform-grating DFB laser, the coupling coefficient is uniform along z, we 

may readily derive that the complex eigenvalues q~ are the solution of the following 

transcendental equation 

I 

(4.12)" 

For the A./4-shifted DFB laser, the laser cavity can be viewed as the cascade of 

two uniform DFB lasers with two coupling coefficients of opposite phase, i.e. the grating 

has a phase change of :r at the center of the cavity length ( B = :r in Eq. (2.3)), which is 

illustrated in Figure 4.1. The complex eigenvalues q~ are the solution of the 

transcendental equation 

(1jr2 -1)(;~/vg +aj2)2 - jK(q~/vg +aj2)(ri-1j) (1ir2 +1)(;~/vg +aj2) . 
------'----"""---

2 
___;..----"'-----cosh YnL - smh YnL 

~ ~ 


(1jr2 -l)K
2 + jK(q~/vg +aj2)(r2 -lj) 


+ r; =0 

(4.13) 
In searching the complex eigenvalues of the characteristic equations, a complex 

variable root searching routine is used. 
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Figure 4.1 Schematic view of}.,j4 -shifted DFB lasers 
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As discussed earlier the real part of the eigenvalue of the "cold" cavity operator, 

i.e. Re(;~), is the decay rate of each cavity mode and the imaginary part Im(;~) is the 

associated frequency of the decay. In other words, ifwe define 

(4.14) 

it is straightforward to show that Re (an) actually bears the physical meaning of the total 

optical field losses for the nth longitudinal cavity mode and Im(an) represents the 

detuning of the propagation constant from the Bragg condition for the associated mode. 

Figure 4.2 shows the mode spectrum with the normalized characteristic total losses for the 

uniform-grating and the ).,/4 -shifted DFB laser with AR-coated facets, respectively. 

We may notice that the total optical field losses Re (an ) can be defined as 

(4.15) 

where the internal optical power loss ai represents the optical scattering and absorptions; 

the cavity loss of the nth mode acav,n accounts for the power leaving the DFB laser cavity 

which solely depends on the cavity structure such as cavity length, coupling coefficient 

and facet reflectivity. It is known that the cavity loss of a Fabry-Perot-type laser has the 

1
analytical solution given by..!.. ln (--), which is also known as the mirror loss. However 

L 1jr2 

for the DFB laser, acav,n may have to be obtained from numerical calculations. As a result, 

it is practically meaningful to study the dependence of the cavity loss on the structure 

parameters. A comprehensive study on this topic can be found in [83], [84]. 
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2) Eigenfunctions 

Once the eigenvalues are obtained, the eigenfunction can be constructed through 

the transfer matrix from the left facet z=O to arbitrary position z E [ 0, L] with 

incorporating of the boundary condition, i.e. 

(4.16) 


Again, for the uniform DFB laser, the analytical solution of the eigenfunctions of 

the operator H 0 can be derived as 

r.X + }K . 
1j COShynz + I 	 n sinhynz 


Yn

[<PJ(z)] = (4.17) 

-}Kr. -X<P,o(z) n 
COShynz + I n sinhynz 


Yn 


and the eigenfunctions for the Ji./4-shifted DFB laser take the form of 

(4.18) 

Shown in Figure 4.3 (a), (b) are illustrations of spatial intensity distributions of the 

first three modes for the uniform-grating DFB laser, and the Ji./4 -shifted DFB laser, 

respectively. 
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Figure 4.3 Spatial intensity distributions of the first three modes for the (a) uniform­
grating DFB laser KL= 1.5 and (b) }./4-shifted DFB laser with KL= 2 
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4.3 	 Bi-Orthogonality of the Longitudinal Eigenmodes of a 

Laser 

An important issue for the mode expansion method is the orthogonality 

relationship among the eigenmodes. Siegman [85] discussed this issue for the transverse 

eigenmodes of an open laser resonator and pointed out that the eigenmodes in the open 

cavity laser system are in general not self-adjoint and hence not power-orthogonal. His 

work was then extended in [86] to the longitudinal eigenmodes of a laser, which are also 

not power-orthogonal. This is caused by the non-Hermitian nature of the problem: energy 

is not conserved in the laser cavity with lossy mirrors. However, this problem can be 

solved by introducing a set of adjoint eigenmodes w m ( z) which are the eigenmodes of 

the adjoint system. Physically, the fields in the adjoint system are propagating in the 

reverse direction along the original system although these two systems share the same 

eigenvalues [85]. 

The schematic representation of the original laser system and its adjoint system is 

shown in Figure 4.4. The solid line denotes the wave propagating in the original system; 

the dashed line represents the wave in the adjoint system; and the arrow indicates the 

direction of the propagation. In reality, the wave is propagating back and forth inside the 

laser cavity. However, we may actually continuously ''unfold" the laser so that the wave 

is equivalently propagating uni-directionally along the z axis as shown in step I. It is seen 

that the waveform has a period of 2L due to the oscillation condition of the laser cavity, 

i.e. the round trip gain is unity. As such, we may study one period of the structure as 
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shown in step II, where the counter traveling wave of the same system is depicted. This 

left propagating wave actually is the wave in the adjoint system. Finally, the structure in 

step II is folded back to the real laser cavity so that the original system and adjoint system 

can be established as shown in step III. 

0 L 2L 3L 4L 
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-......_-­-­_.______ 

; 

, ; 
; 

' .. Jlf'' ....... ..,,,. 
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Figure 4.4 Schematic representation of the original laser system and its adjoint system 
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As a result, by exchanging the two components of the vector <I>~ , a set of adjoint 

eigenmodes w m ( z) can be obtained. It can be verified that these adjoint eigenmodes are 

biorthogonal to the original eigenmodes <i>~ (z) such that 

(4.19) 

where 
0 

, [<A ] 	 (4.20)w m = cm <PJ m ' 

and the normalized "cold" cavity modes <i>~ (z) is defined as 

<i>~ (Z) = en <I>~ (Z) (4.21) 

with the normalization constant en described by 

(4.22) 

As a last remark, we notice that the gain medium has a finite bandwidth so that the 

number of modes that the medium can interact with is finite. It is found that the set 

{<I>~} is complete for a finite-dimensional state space [87]. 

4.4 	 Multimode Photon Wave Equations Based on "Cold" 

Cavity Modes 

After obtaining the eigenfunctions and eigenvalues of the "cold" cavity operator, 

the total field 'I' can then be expanded in terms of <i>~ (z) in the form of 
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K 

v =L:A,, (t)~~ (z) (4.23) 
n=I 

where A,, (t) is the complex amplitude for each cavity mode and K is the number of 

modes used in the expansion. 

If we substitute Eq. (4.23) into Eq. (4.1), multiply both sides by any adjoint 

eigenmodes w m ( z) and integrate over the cavity length, the original equation separates 

into a set of equations for the complex amplitude of each longitudinal mode in the form of 

(4.24) 

with 

(4.25) 

(4.26) 

and the Langevin noise term that drives the amplitude of each mode is given by 

(4.27) 

Since the original noise term s1,, (z,t) in Eq. (2.11) is a Dirac delta function 

correlated both in time and space coordinates, we can perform the longitudinal 

integrations and approximate the noise 'fim as Gaussian random processes with zero mean 

and satisfying following correlation relation 

(4.28) 

where Kmz is the longitudinal Petermann's factor or the longitudinal excess-noise factor 

for mth longitudinal mode given by [86] 
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(4.29) 


Finally, the original PD Es are reduced to a set of coupled ODEs in the form of Eq. 

(4.24). The eigen equation (4.6) with boundary conditions for a given laser structure 

determine the eigenmodes of the cold cavity, whereas a set of temporal equations describe 

explicitly time-dependent amplitudes of these eigenmodes. 

The carrier rate equation (2.18) and the mode amplitude equation (4.24) are 

solved in a self-consistent manner in the time-domain under a given time-dependent bias, 

whereas Eq. (4.6) only needs to be solved for once under the facet conditions prior to the 

time marching process. 

4.5 Model Validation and Applications 

In this section the SWM-CCM is validated and applied to simulate two typical 

DFB lasers, i.e. the uniform-grating DFB laser and the A./4 -shifted DFB laser. The static 

and dynamic properties are investigated and compared with the well-established traveling 

wave method. The solid line in all of the figures represents results calculated by the TWM 

(the SS-TDM implemented in Chapter 2), while others by the SWM-CCM. 

4.5.1 Uniform-Grating Index-Coupled DFB lasers 

The uniform-grating DFB laser with KL= 1.5 is firstly investigated for model 

validation. The modeling parameters are listed in Table 4.1 [59]. For this device, good 

agreement between the SWM-CCM and the TWM has been achieved by only using two 

eigenmodes in the field expansion in the proposed SWM-CCM. 
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Parameters values 

Grating perioq A (run) 244.5 

Bragg order 1 

Active region volume V,, (µm3) 90 

Facet reflectivities ri r1, 0 

Laser length L ( µrn) 300 

Confinement factor f' 0.3 

Effective index without injection nejJO 3.2 

Group index ng 3.6 

Internal loss a (cm­1
) 50 

Differential gain gN (10-16 cm2 
) 2.5 

Transparent carrier density No (lOTI cm­3
) 1.0 

Nonlinear gain saturation coefficient c (10-17 cm 3 
) 6.0 

Linewidth enhancement factor am 4 

Linear recombination coefficient A (10" s­1 
) 0.1 

Bimolecular radiation coefficient B (lo-HT cm3s­1) 1 

Auger coefficient C (10-29 cm6 s­1
) 7.5 

Spontaneous emission coefficient f3 5x10-5 

Transverse Petermann factor (Ktr) 1 

Table 4.1 Uniform-grating DFB laser parameters 

1) Threshold Analysis 

From the oscillation condition in the sense of "threshold gain=losses", we may 

readily obtain the threshold modal gain from the mode with the lowest loss Re(a min) by 

['~th =Re(O"min). (4.30) 

(4.31) 
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The required threshold current may be estimated from the Eq. (2.18) as 

(4.32) 

From Eq. (4.31), (4.32) and Figure 4.2, the threshold current is estimated to be around 

40mA in this example. 

2) Static Characteristics 

The static solutions are obtained by allowing the dynamic response of the laser to 

reach its steady state for a given bias current and then averaging the output power over a 

0.5ns time interval. Figure 4.5 shows the light-current (LI) curve for this uniform DFB 

laser. Since the thermal effects are not considered in this model, the output power has an 

almost linear dependency on the injection current. 

Figure 4.5 Comparison of LI characteristics for the uniform DFB laser with KL= 1.5 

69 




Chap. 4. The SWM-CCM Ph.D. Thesis - Yanping Xi-Elec. & Comp. Engineering 

Figure 4.6 (a) and (b) show the CW spatial distributions of the carrier and photon 

densities along the laser cavity, respectively. 
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3) Small Signal Modulation 

The amplitude modulation (AM) response has been calculated and shown in 

Figure 4.7 as a function of the frequency over a range of 10 GHz. The bias current is 80 

mA, and the modulation depth is 5%. 
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Figure 4. 7 Comparison of the AM response of the laser under investigation 

4) Large Signal Modulation 

To examine the ability for the proposed model to simulate the large signal 

dynamics, we first let both models run for sufficiently long time under a 50 mA bias 

current to reach their respective steady state. And then the laser is modulated by a 0.5GHz 
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square wave with the modulation magnitude equal to 20mA. Figure 4.8 shows the 

variation of the output power during the large signal modulation. 
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Figure 4.8 Comparison of the output power during the large signal modulation 

4.5.2 Quarter-Wave-Shifted DFB Lasers 

In this section, the device under investigation is a typical DFB laser with the AJ4­

shifted grating. The modeling parameters are listed in Table 4.2 [88]. In this example, it is 

found that nine eigenmodes are needed in the field expansion for the SWM-CCM to 

achieve good agreement with results from the TWM within the entire range (0~200mA) 

72 




Chap. 4. The SWM-CCM Ph.D. Thesis - Y anping Xi -Blee. & Comp. Engineering 

of the injection level. The reason for the increasing number of expansion mode will be 

discussed in detail in next section. 

Parameters Values 

Grating perioq A (nm) 244.5 

Bragg order 1 

Active region volume V (µm 3 ) 90 

Facet reflectivities r1, r2 0 

Laser length L ( µm) 300 

Confinement factor r 0.3 

Effective index without injection nejJO 3.4 

Group index ng 3.6 

Internal loss a (cm.:r) 50 

Differential gain gN (10-16 
cm 

2
) 2.5 

Transparent carrier density No (1018 
cm­

3
) 1.0 

Carrier dependence of index dn/dN (10-20 cm 3) -1.5 

Linear recombination coefficient A (109 s­1
) 0.1 

Bimolecular radiation coefficient B (I 0-10 
cm 

3 s­1
) 1 

Auger coefficient C (10-29 
cm 

6 s­1
) 7.5 

Transverse Petermann factor (Ktr) 1 

Table 4.2 A./4-shifted DFB laser parameters 

Figure 4.9 shows the LI curve calculated by the SWM-CCM taking different 

number of eigenmodes in the field expansion of Eq. (4.23) and their comparisons with 

results from the TWM. Also shown is the published result from the COST240 group [88]. 

It is observed from Figure 4.9 that the proposed model can predict the laser performance 

very well even with one expansion mode if the injection level is low (less than 60mA in 
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this example). However nine expansion modes are necessary if the injection level is 

further increasing, as is also seen from the comparisons of CW carrier and photon 

distributions along the laser cavity shown in Figure 4.10 (a), (b). 

Figure 4.11 shows the laser response to the large signal modulation with the 

modulation magnitude of 30mA and modulation frequency of 2.SGHz. It is observed that 

the result of the SWM-CCM with nine expansion modes is fully overlapped with that of 

theTWM. 
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Figure 4.9 Comparison of LI characteristics for A./4-shifted DFB lasers with KL= 2 
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Figure 4.11 Large signal modulation response for the AJ4-shifted DFB laser with KL =2 

4.6 Discussions 

In this section, the impact of the expansion mode truncation on the model 

accuracy with varying DFB structure parameters is investigated. The computation 

efficiency of the proposed method is then discussed. 

4.6.1 Effect of the Expansion Mode Truncation 

Two uniform-grating DFB lasers with different KL are further investigated to 

study the truncation effect in the field expansion. The LI curves are calculated by using 

the SWM-CCM taking different number of eigenmodes in the field expansion and the 

TWM results are also plotted for comparison purpose. 
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Shown in Figure 4.12 is the LI curve of a weak coupling structure with KL = 0.9. 

It is found that an increasing number of the expansion modes would be necessary to 

achieve the same accuracy. This is attributed to the weak mode selectivity due to the low 

coupling strength. We therefore have no priori knowledge on which candidate "cold" 

cavity mode will eventually be selected as the lasing mode along with the bias evolves. 

Taking the extreme case in which the coupling coefficient is zero so that the optical 

feedback comes only from the facet reflection and multiple FP modes appear to lase. We 

would certainly need a large number of eigenmodes in the expansion, to cover these 

multiple lasing FP modes at least. Once the facet reflectivity is further set to zero, i.e. the 

device becomes a light emitting diode, the proposed model becomes infeasible as we 

wouldn't be able to truncate Eq. (4.23) at all. 

For a strong coupling structure with KL =2.4, the LI curve is shown in Figure 

4.13. It is observed that this laser becomes unstable at high power level that a pitchfork 

bifurcation occurs at around 70 mA. A similar instability has been found by Schatz [89]. 

It is seen from Figure 4.13 that the SWM-CCM with two expansion modes fails to predict 

such instability, whereas the simulation based on four expansion modes does predict the 

instability, but at the wrong bias. Satisfactory accuracy is only resumed with at least six 

expansion modes. Actually, although DFB structure with stronger coupling coefficient 

generally bears higher model gain differences, hence shows stronger mode selectivity, it 

is only true when the bias is low. As the bias grows, longitudinal spatial hole burning 

kicks on so that the lasing mode and the carrier (hence the gain) distributions become 

increasingly non-uniform with their changes in the opposite direction. As a result, 
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weighed by the mode distribution, the modal gain of the lasing mode would decrease due 

to the reduced overlap between the mode and gain distributions, despite the average gain 

growth with the bias. LSHB, however, has little effect on the modal gains of the non-

lasing modes simply due to the much weakened correlation between the non-lasing mode 

and the gain distributions. Therefore, the modal gain differences appear to reduce in high 

bias region once the LSHB is strong enough, which apparently leads to a reduction on the 

mode selectivity. Due to the correspondence between the coupling coefficient and the 

LSHB (i.e., structure with higher KL has stronger LSHB), we again need more modes in 

the expansion in order to capture any possible mode hopping and instability induced by 

the reduced mode selection mechanism in strongly coupled DFB structures. 
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Figure 4.12 Comparison ofLI characteristics of the uniform DFB laser with KL= 0.9 
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Figure 4.13 Comparison of LI characteristics of the uniform DFB laser with KL= 2.4 

Generally, this model becomes more accurate ifmore eigenmodes are taken in the 

expansion. However, this improvement on the accuracy is at the expense of the 

computation time which will be discussed later in this section. Therefore, the number of 

eigenmodes taken in the expansion needs to be carefully examined for a given laser 

structure and operation condition. In general, more modes would be required due to the 

deterioration of the mode selectivity for both weak and strong coupling strength. 

4.6.2 Computation Efficiency 

Last but not least, the computation efficiency of the proposed method is examined 

in this section. In the TWM, the laser cavity is discretized into a number of small 

subsections with equal length of !lz. The temporal step/1t is limited by !it= !lz/vg. It is 

20 

§' 15 
E..._.. 
'­
(I) 

~ 10 
a_ 

:::s -
-
0 
a. 

5 

--TWM 

- • • - SWM-CCM (No. of modes=2) 
 , 
- - SWM-CCM (No. of modes=4) 

SWM-CCM (No. of modes=6) 

79 




Chap. 4. The SWM-CCM Ph.D. Thesis - Yanping Xi -Blee. & Comp. Engineering 

therefore time consuming for the TWM if a dense spatial discretization has to be 

performed to correctly model the relatively large longitudinal variations of the 

carrier/photon distributions. That will force us to unnecessary small !it and hence an 

increase in the computation time. Whereas, the SWM-CCM can adopt larger time step 

since !it is no longer subjected to the above mentioned limitation. Table 4.3 lists the 

comparison of the computation time and the percentage error of the output power 

between these two methods for the uniform DFB laser with KL = 2.4. The percentage 

error is defined as the error of the output power of the SWM-CCM with respect to the 

output power of the TWM. The normalized computation time is obtained as the overall 

time required for simulating the DFB laser during a time frame of 16ns normalized by the 

computation time needed for the TWM. It is seen that the higher computation efficiency 

can be achieved by applying the SWM-CCM in this example. Specifically, more than% 

of the computation time can be saved even with 6 expansion modes with the error of the 

output power less than 2%. It is worth mentioning that the amount of the computation 

time that can be saved by using the SWM-CCM is problem-dependent. 

TWM 
SWM-CCM 
(mode#= 2) 

SWM-CCM 
(mode#= 4) 

SWM-CCM 
(mode#= 6) 

Errors of Output 
Power 

0% 12% 5.8% 1.8% 

Normalized 
Computation Time 

1 ~ 1/6 ~ 2/11 ~ 11/50 

Table 4.3 Comparison of the computation time between the SWM-CCM and the TWM 
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4.7 Summary 

A standing wave model based on the expansion in terms of resonant modes of the 

"cold" cavity is developed and validated as an efficient numerical tool for modeling of 

DFB laser diodes. In the proposed model, the "cold" cavity modes only need to be 

calculated once as a priori with little computation efforts, yet the structural details of the 

laser cavity are accounted for. The temporal evolution of amplitudes of these modes is 

obtained by solving a set of ordinary differential equations in stead of partial differential 

equations for the traveling wave model. Although the application examples are on 

uniform-grating and J./ 4 -shifted DFB structures, the presented approach is widely 

applicable to a variety of structures such as those with multiple phase shifts or multiple 

sections. 
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Chapter 5 

Standing Wave Model Based on Threshold "Hot" 

Cavity Modes 

5.1 Introduction 

In the last chapter, a standing wave model based on "cold" cavity modes 

expansion is presented where the coupling coefficient K plays a rather important role. It 

describes the power transfer between the two contra-directional waves propagating inside 

the laser cavity, i.e. it is a major feedback mechanism for DFB lasers. This distributed 

feedback property, along with the facet reflections if there are any, forms the eigenmodes 

of the "cold" cavity. However, we may notice that the coupling coefficient is only 

contained within the "cold" cavity operator in that model. This implies that K is bias­

independent. This assumption is generally valid for the index-coupled DFB laser, where 

the change of the carrier density has a negligible impact on the coupling coefficient. 

However, this might not be true for gain-coupled DFB lasers, another type of DFB laser 

having advantages of higher single-mode yields [ 46] and less dependence on facet 

reflectivities [90], etc., compared with index-coupled DFB lasers. 

Basically, there exist two possible mechanisms for realizing a gain grating: 1) 

periodic variation of the gain; 2) periodic variation of the loss. The former has a gain 
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coupling coefficient Kgain dependent on the carrier density, hence on the injection level, 

but the latter usually does not. The carrier dependent coupling coefficient K will cause a 

variation of the threshold gain and the lasing frequency and have a big impact on the 

dynamic behavior of gain-coupled DFB lasers. In order to take these effects into account, 

we proposed an alternative standing wave model where optical fields are expanded in 

terms of the "hot" cavity modes obtained near the threshold current. The major reason we 

choose this threshold reference point is that the carrier density is known to be almost 

clamped for the current above threshold, especially when the LSHB effect is not very 

severe. Consequently, the coupling coefficient is thus mostly determined at threshold. As 

such, we may divide the original operator in Eq. (4.1) into two parts: one is fixed near 

threshold and the other is allowed to vary with time, catching the parameter change from 

the threshold condition. In this model, the eigenmodes under the bias near threshold also 

only need to be calculated once as a priori knowledge. 

5.2 Eigen-Solutions of the Threshold "Hot" Cavity Modes 

The operator Ht in Eq. (4.1) can be split into two parts 

H =Hth +Ha (5.1)
t 

where the superscript "th" denotes the value near threshold and the superscript "a" 

denotes the value deviated from the threshold. For instance, the two operators in Eq. (5.1) 

will take the form of 
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(5.2) 

(5.3) 

where 

(5.4) 

rg (N-N)
Qa = N th {l + ja ) (5.5)

2(1+eP) m 

and the expressions for K1h, Ka will be given for the different gain gratings in Sec. 5.3. 

The nonlinear gain saturation effect is negligible small near threshold, consequently not 

included in Eq. (5.4) . 

Again, consider the eigenvalue problem as follows 

(5.6) 

where <I>~ ~ [ ~ are eigenfunctions of the operator H" with eigenvalues !;:;' .i;ll 
Similarly, <I>~ and ;nth can be obtained by using the TMM methods introduced in Sec. 4.2 

under the facet conditions. The eigenvalues ;:;1 are complex numbers with the real part 

characterizing the mode decaying rate and the imaginary part presenting the shift of 

resonance frequency from the reference frequency when the laser is biased near threshold. 

The eigenfunctions <I>~ give the characteristic field patterns within the laser cavity near 

84 




Chap. 5. The SWM-THCM Ph.D. Thesis - Yanping Xi -Blee. & Comp. Engineering 

threshold. For a uniform-grating DFB laser, we may readily derive that the eigenfunctions 

of the operator H'h takes the form of 

(5.7) 


of the transcendental eigenvalue equation 

5.3 	 Multimode Photon Wave Equations Based on Threshold 

"Hot" Cavity Modes 

Similar to the method in the last chapter, the total field 'II can then be expanded in 

terms of these eigenmodes i>~ (z) in the form of 

K 

'II= I>4,, (t )i>~ (z) 	 (5.9) 
n=l 

where A,, (t) is the complex amplitude for each cavity mode. By exchanging the two 

components of the vector defined by Eq. (5.7), a set of adjoint eigenmodes w~ ( z) can be 
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obtained. It can also be verified that these adjoint modes are biorthogonal to the original 

eigenmodes <i>~ (z) such that 

(5.10) 

Substitute Eq. (5.9) into Eq. (4.1), multiply both sides by any adjoint eigenmodes 

w~ (z) and integrate over the cavity length, we obtain the complex amplitude of each 

longitudinal mode in the form of 

dAm(t)_ , J() ~ , () -'()-'------ - Pmm.L"m t + L.J PmnA,. t + 1'/m t (5.11) 
dt n=l(n;•m) 

with 

(5.12) 

(5.13) 

and the Langevin noise term that drives the amplitude of each mode is given by 

(5.14) 

5.4 Model Validation and Applications 

The model in this chapter is developed with the emphasis on dealing with DFB 

lasers with carrier-dependent coupling coefficient. As a result, it is applied to simulate 

two types of gain-coupled DFB lasers: purely gain-coupled DFB lasers and partly gain-

coupled DFB lasers. 
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5.4.1 Purely Gain-Coupled DFB lasers 

We will first consider the purely gain-coupled DFB laser with AR-coated facets. 

In this type of the device, the coupling coefficient is an imaginary number, i.e. K = jKgain 

with Kgain given by [91] 

(5.15) 

where & ( x) is the Fourier component of the grating along the longitudinal direction and is 

taken as 1/;r for a rectangular grating with a duty cycle of 50%. E (x) is the normalized 

transverse optical field. l!!.g is the material gain. Then, Eq. (5.15) becomes 

(5.16) 

with r g being the confinement factor of the gain grating. By this definition, K 
1
h and Ka 

in Eq. (5.2) and (5.3) become 

th rggN (N,h -No)
K =__...;:;.._..;..____....;._ (5.17)

2;r 

Ka= rggN(N-Nth) 
(5.18)

2tr(l +cP) 

The nonlinear gain saturation effect is only pronounced for high optical power, 

therefore is neglected in Eq. (5.17) due to the small amount of power near threshold. One 

thing we need to point out is that changes in the carrier density will also give rise to an 
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index variation due to the linewidth enhancement factor. In reality, this index variation 

could be approximately cancelled by a simultaneous thickness variation of a passive wave 

guiding layer leaving substantially a periodic gain only. 

We may also notice the fact that the threshold modal gain is dependent on the 

coupling strength near threshold, which now in turn is a function of the threshold carrier 

density through Eq. (5.17). As a result, an iteration process is carried out to obtain the 

self-consistent solution of the threshold carrier density Nth, hence the threshold coupling 

coefficient Kth • 

The laser parameters of the device under investigation are chosen to be the same 

as those in [92] for the purpose of comparison which are listed in Table 5 .1. 

Parameters Values 

Reference wavelength Ao (µm) 1.55 

Confinement factor r g 0.35 

Effective index without injection nejJO 3.283 

Group index ng 3.7 

Internal loss a (cm-1
) 40 

Differential gain gN (lO:rri cm 7 
) 3 

Transparent carrier density No (10-rr cm::r) 1.5 

Linewidth enhancement factor am 4.86 

Linear recombination coefficient A (1 O'Y s.:r) 0 

Bimolecular radiation coefficient B (10-10 cm 3 s­1 
) 1 

Auger coefficient C (10-i" cm6 s:r) 3 

Table 5.1 Purely gain-coupled DFB laser parameters 
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The static characteristics such as the LI curve, longitudinal variations of the 

carrier density and photon density under 5000 A/crn.2 injection density are obtained after 

the laser reaches its steady state and shown in Figure 5.1 and Figure 5.2, respectively. The 

results denoted by triangular symbol are from literature [92]. The inset in Figure 5.2 (a) 

shows the spatial variation of the gain coupling coefficient. A minimum Kgain of l6.4crn.·1 

at the edge and a maximum of 20.9 crn.·1 at the center are obtained, which is consistent 

with results in [92] whereKgain e [17.2,20.8] crn.·1 • It is again found that five eigenmodes 

are necessary in the field expansion for this example. Figure 5.3 shows the large signal 

transient response of the laser when the bias is a step input from near threshold to 

5000A/crn.2
• 
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Figure 5.1 Comparison of LI characteristics of the purely gain-coupled DFB laser 
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Figure 5.3 Comparison of the large signal transient response for the purely gain-coupled 
DFB laser 

5.4.2 Partly Gain-Coupled DFB Lasers 

In this section, the proposed model will be applied to simulate partly gain-coupled 

DFB lasers, also known as complex-coupled DFB lasers. When the gratings with periodic 

index and gain variations are both presented along the laser cavity, the coupling 

coefficient becomes a complex number, i.e. K = Kindex + jKgain. The reason we consider 

the periodic gain variation instead of the loss variation is that such scenario is more 

challenging to be dealt with due to the carrier dependent gain coupling coefficient, as has 

been mentioned in Sec. 5.1. It is know that the change of the carrier density will induce a 

change of the refractive index through K-K relations, leading to the variations of both the 
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index and gain coupling coefficients. A carrier scattering parameter Qs is introduced as a 

measure of how the coupling between two contra-propagating traveling waves depends 

on the carrier density [93] 

(5.19) 

The value of Qs is in the interval [ 0, 1], depending on the detailed grating structure. By 

the above definition, the coupling coefficient K1hand Ka can be written as 

th 8K ( ) ( . ) 8g ( th)K = Ko +- Nth - No = Ko + Qs J - am - N - N (5.20)
8N 8N 

Ka = BK (N - N ) =Q (1· - a ) Bg (N - N ) (5.21)BN th s m BN th 

where K0 is the coupling coefficient at transparency. 

The simulation example is an anti-phase partly gain-coupled DFB laser. Besides 

the single-mode operation, this type of gain-coupled DFB laser has several attracting 

characteristics such as large modulation bandwidth [92], [94] and reduced effective 

linewidth enhancement factor [95]-[97]. The device being investigated has a coupling 

coefficient-length product of approximately 1.4 with about 28% gain coupling ratio. The 

material line width enhancement factor is 3 and the carrier scattering parameter is 0.2. 

Other laser parameters are kept same as those listed in Table 5.1. 

The similar static and dynamic characteristics as those shown in the last section 

are investigated and illustrated in Figure 5.4 to Figure 5.6, in comparing with the results 

calculated by the TWM. It is observed that those important output parameters such as the 
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output power and relaxation oscillation frequency all agree well with the traveling wave 

model. It is also found that satisfying accuracy of the SWM-THCM is achieved by using 

only one expansion mode in the field expansion. This is attributed to two factors, namely: 

1) the gain-coupled DFB laser under investigation is a well-behaved single-mode laser 

and 2) the threshold "hot" cavity mode very closely resembles the real mode under the 

given bias due to the less severe of LSHB effect. 

To show the impact of the time-dependent coupling coefficient on the dynamic 

behavior of the gain-coupled DFB lasers, we also simulate the same device with a time­

invariant coupling coefficient, i.e. the Ka in Eq. (5.21) is set to zero and the 

corresponding result is also shown in Figure 5.6. From the comparison, we observed an 

increase of the oscillation frequency if taking the time-dependent coupling coefficient 

into account. The reason is explained as follows: the index and gain gratings are in anti­

phase as illustrated in Figure 5.7. An increase of the carrier density increases the gain 

coupling strength; meanwhile it decreases the refractive index of lower index region, and 

hence also enhances the index coupling strength. As a result, the net differential gain with 

respective to the carrier density is enhanced due to the reduction of the cavity loss. The 

relaxation oscillation will then increase with the differential gain under certain injection 

level according to the analytical expression derived in [ 5]. This effect is further confirmed 

by the small signal analysis where the amplitude modulation (AM) response is shown in 

Figure 5.8. It is seen that a larger modulation bandwidth can be achieved by using the 

anti-phase gain-coupled DFB lasers. These results are consistent with what have been 

found in [92], [94]. 

93 




16 

14 --SWM-THCM 

12-
"" TWM 

<( -E 10 
..... 
Cl) 

8 ~ 
a..- 6
:::J 
a.-:::J 
0 

4 

2 

0 
30 40 50 60 70 80 90 

Chap. 5. The SWM-THCM Ph.D. Thesis - Yanping Xi - Blee. & Comp. Engineering 

Figure 5.4 Comparison of LI characteristics for the anti-phase gain-coupled DFB laser 
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Compared with the SWM-CCM proposed in the last chapter, there are essentially 

two extra computational efforts for the SWM-THCM. One is to solve for threshold carrier 

density N1h which is a pre-processing work with little effort; the other is related to the 

extra off-diagonal terms of the operator Ha in Eq. (5.3) induced by the time-dependent 

coupling coefficient. This off-diagonal term will only result in one more term in the 

integrals of Eq. (5.12) and (5.13), which does not change the fact that the time for 

calculating the integral is proportional to the number of subsections being divided along 

the cavity. As a result, we may conclude that the proposed SWM-THCM is as efficient as 

the SWM-CCM. 

5.5 Summary 

In this chapter, we have successfully presented an alternative standing wave 

model based on "hot" cavity modes obtained near threshold. The complexity of the model 

is almost the same as that of the standing wave model based on "cold" cavity modes. 

However, it has the merit of being capable of simulating gain-coupled DFB lasers where 

the coupling coefficient is current dependent, hence time varying. 
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Chapter 6 

Efficient Solution to the Standing Wave Model: 

Carrier Shape Approximation 

6.1 Introduction 

Due to the characteristic of distributed feedback in the laser cavity, the optical 

field and the carrier distributions are in general non-uniform along the cavity for a typical 

DFB laser under normal operation conditions. This LSHB effect depends greatly on the 

design parameters such as facet reflections, phase shift of the grating and the coupling 

coefficient-cavity length product ( KL ), as well as the operation parameters such as 

current injection levels. LSHB will have significant impact on the performance of the 

DFB laser, e.g., to give rise to the shift of the lasing wavelength [l], [98] and to lead to 

the deterioration of the side mode suppression ratio [39], [99]. For this reason, several 

approaches with different level of details and assumptions have been developed to 

incorporate the spatial dependence of the optical field and carrier distribution into the 

theoretical models. The work [100]-[102] are revisions to the conventional rate equations, 

where the discretization for both optical field and carrier distribution are not needed. 

Tucker [100] considers transverse SHB combined with carrier diffusion by assuming a 

sinusoidal carrier profiles over the cross section of the laser diodes. By applying the 

similar idea, Kinoshita [101] proposed a set of rate equations incorporating the 
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longitudinal SHB effects along the waveguide axis. A more general profiles common to 

both photon and carrier densities are then developed to analyze the effect of SHB on the 

dynamic response ofDFB lasers [102]. 

In traveling wave models, the laser cavity is divided into many segments to 

account for the variation of the optical field, which is obtained explicitly by solving PD Es 

with respective to the time and space. The carrier densities at different positions are 

obtained by solving a number of ODEs corresponding to the spatial segments being 

divided and assigned. 

On the other hand, by using mode approximation techniques, the two standing 

wave models presented in the previous two chapters do not explicitly require the 

discretization of the optical field along the cavity. However, the carrier densities at 

different positions are still solved in the same manner to the TWM. 

In this chapter, we will present a method to approximate the shape of the time­

dependent carrier density distribution in recognition of the highly correlated patterns of 

the optical field and carrier density distributions, leading to a significant improvement of 

the computational efficiency of our previously proposed standing wave models. More 

concretely, the accuracy of the SWMs can be improved by adopting a larger number of 

eigenmodes in the field decomposition, which however cause the increase of the total 

computation time. This is due to the fact that more numerical integrations have to be 

carried out in Eqs. (4.24)-(4.26) or Eqs. (5.11)-(5.13) at each time step. By utilizing the 

fact that there is a carrier distribution pattern corresponding to the photon distribution, 

those integrals in the optical field equations can be obtained as a priori. Moreover, the 
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number of carrier rate equations to be solved can be reduced greatly as well. It is worth 

mentioning that the presented approach in this chapter is applicable to both SWM-CCM 

and SWM-THCM. However the model improvement is applied to the SWM-CCM in this 

chapter as a demonstration. The improved SWM-THCM can also be achieved if the 

similar process shown in this chapter is followed. 

This chapter is organized as follows. The method to extract the carrier shape 

function is presented in Sec. 6.2. The approximation to the carrier density distribution by 

using the extracted shape function is introduced in Sec. 6.3. The simplified standing wave 

model is derived in Sec. 6.4. Sec. 6.5 gives model validation and comparisons. The 

accuracy and efficiency of this model is discussed in Sec. 6.6. Finally, a summary is 

given in Sec. 6.7. 

6.2 	 Longitudinal Optical Modes and Deviation Shape 

Function Extraction 

By using Eq. (4.23), the photon density at any position z along the laser cavity can 

be written as 

K K 

P(z t) =\II. \II. ="'"'BPE)P + "'"' Ber ecr (6.1)
'TT L..Jnn L..Jnmnm 

n=I 	 n,m=I 
(m•m) 

where 	B: = IA..12 
, B~: =A,.~, and 

E)P = (j)O .(«iO )* 	 (6.2)
n n 	 n ' 

9cr =(j)O .(«io )*. 	 (6.3)nm n m 
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The integration of the first term in Eq. (6.1) is the sum over the "power per 

eigenmode" where the individual "photon density mode" e: has been normalized to 

unity, i.e. rE>~ (z) dz= 1. The integration of the second term in Eq. (6.1) describes the 

"cross powers" between cavity modes. 

The average photon density along the laser cavity is obtain by 

(6.4) 

The photon density distribution in Eq. (6.1) can then be defined as 

P(z,t) =~vCt)[l+ f(z,t)J (6.5) 

where f(z,t) is denoted as the deviation shape function of the photon distribution and 

can be extracted out from Eq. (6.5) as 

(6.6) 

with f f(z,t)dz=O. 

6.3 Longitudinal Carrier Distribution Approximation 

The carrier rate equation (2.18) can be simplified as 
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dN(z,t} _ I N(z,t} [ ( ) J ( ) --'----'---- -vggN N z,t -N0 P z,t (6.7) 
dt e~ Tc 

where Tc is effective carrier life time. It is observed from Eq. (6.7) that the carrier 

distribution takes the form 

N( ) a(z,t) (6.8)
z,t = l+b(t)P(z,t) +c 

I dN(z,t)lwhere a(z,t)=rc - d -N0 ,b(t)=TpggN, c=N0 • The time-dependent b(t}[ eVa t 

implies that the effective carrier life time can also vary with time. The first-order 

approximation for the Taylor expansion of Eq. (6.8) can be obtained as described below 

provided that lb(t}P(z,t)}I« 1, i.e. the optical power of the laser is not very high, 

N( z,t) ~ [ a(t) + c]- a(t}b(t)P(z,t}. (6.9) 

where the z-dependence of a is dropped with assumptions that the carrier density at each 

position z is homogeneously changing with time and the current injection is uniform 

along the laser cavity. 

By using Eq. (6.5), the time-dependent carrier distribution Eq. (6.9) can be 

equivalently written as 

N(z,t) ~ Na(t)-D(t)f(z,t) (6.10) 

where Na (t) and D(t) imply the average carrier density and the carrier deviation from its 

average along the laser cavity, respectively. Equation (6.10) is actually same as the one 

given phenomologically in [100]-[102]. The function f(z,t} describes the shape of the 
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carrier non-uniformity and is determined mainly by parameters of the laser itself such as 

KL and facet reflectivity. It is reasonable to take f(z,t) to be slowly varying compared 

with D(t)under the moderate power assumption. Equation (6.10) is understandable in the 

sense that more carriers are consumed where the light intensity is greater. The carrier 

density should, therefore, distribute inhomogeneously along the cavity with a pattern 

opposite from that of the light intensity inside the laser cavity. 

6.4 Simplified Standing Wave Model 

Substituting Eq. (6.10) into Eq. (4.24) and utilizing Eq. (6.6), we obtain 

dA (t) K 

~ =P:mA,,, (t) + L P:nA,, (t) + fim (t) (6.11) 
f n=I(n.,m) 

with 

(6.12) 

Pmn" = 

(6.13) 
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Suppose that the laser cavity is oscillating in a dominant single longitudinal mode 

with a large side mode suppression ratio, which is valid for most of the applications. The 

cross power between the eigenmodes is much smaller than the power carried by the lasing 

mode. Eq. (6.1) and (6.6) can then be simplified respectively as 

K 

P(z) ="LB:e~, (6.14) 
n;[ 

K 

f (z,t) =LLan (t)E>~ {z)-1 (6.15) 
n;[ 

where an= B:/~B:. As a result, the Eq. (6.12) and (6.13) can be simplified as 

(6.16) 

(6.17) 

The analytical expressions of the integrals in Eq. (6.16) and (6.17) for a typical 

DFB laser with uniform-grating are derived in Appendix B. It is noted that all these 

integrals can be pre-determined and computed for a given DFB laser structure before the 

computation of the standing wave equations. 

Substituting Eq. (6.5) and (6.10) into (2.18) and integrating it along the cavity 

length L, we obtain 

By multiplying Eq. (2.18) by f(z,t) and carrying the integral along the cavity 

length L, we obtain 
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dD =-AD+(BIYA/B2 -2BD~ )-CD(3N; -3~DB3/B2 +D2 84 / 82 ) +vg gNPav (~ -No -D+DB3/B2 ) 

dt I+ePav 

(6.19) 

where e2 =_!_ rL 12dz' 83 =_!_ rL 13 dz and e4 =_!_ rL 14dz . In obtaining Eq. (6.19), the 
L Jo L Jo L Jo 

time derivative of the slow varying term has been neglected. 

Finally, the original governing equations (4.24) and (2.18) are reduced to (6.11), 

(6.18) and (6.19), which are solved in a self-consistent manner. 

6.5 Model Validation and Comparisons 

The device being investigated is the typical uniform-grating DFB laser 

with KL =1.5 . The modeling parameters are same as those listed in Table 4.1. The 

improved model, denoted as SWM-CCM Scheme II, is validated through comparisons 

made on the device static and dynamic properties with the previously proposed standing 

wave model based on cold cavity modes, denoted as SWM-CCM Scheme I. 

A. Static Characteristics 

The static characteristics are achieved by allowing the laser reach its steady state. 

Shown in Figure 6.1 (a), (b) is the photon and carrier density distribution along the laser 

cavity under the bias current of 60mA, respectively. Figure 6.2 shows its LI curve. It is 

seen that the scheme proposed in this paper can predict the static performance of this laser 

very well. 
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B. Dynamic Characteristics 

Figure 6.3 shows the optical output power during the large signal modulation. The 

laser is initially biased at 50mA and then modulated by a 0.5GHz square wave with 

modulation amplitude of 20mA. It is observed that these two schemes show a small 

discrepancy when the output power is relatively high. This is caused by the error induced 

by the first-order approximation to Eq. (6.8). Shown in Figure 6.4 are the variation of the 

average carrier density Na (t) and the carrier inhomogeneity coefficient D(t) during the 

modulation. From Figure 6.4, we can see that D increases with the increase of the output 

power, i.e. the carrier distribution becomes more deviated from its average value. As a 

result, the approximation in Eq. (6.10) becomes less valid. The error of output power at 

bit "1" in this case is approximately 2%, which is calculated by j(Pi-1 - Pi-)/Pi-Ix 100% 
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where ~ and ~1 denote the output power calculated by scheme I and scheme II, 

respectively. 
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6.6 Discussions 

Table 6.1 shows the comparison between the SWM-CCM Scheme I and SWM­

CCM Scheme IL 

Optical field 
(forward & backward) 

Carrier density Total# of 

OD Es 
Discretization 

#of 
OD Es 

Discretization 
#of 

OD Es 
SWM-CCM 

Scheme I 
no K yes M K+M 

SWM-CCM 
Scheme II 

no K no 2 K+2 

M: The number of subsections divided along the laser cavity 

K: The number of eigenmodes used in the field expansion 

Table 6.1 Comparison of the SWM-CCM Scheme I and Scheme II 

In the previously proposed SWM-CCM scheme I, the carrier density evolution at 

different position inside the laser cavity is obtained by discretizing the cavity into a 

number of subsections. For lasers with cavity length of several hundred micrometers, the 

number of subsection Mis expected to be in several tenths. As a result, it is apparent from 

the Table 6.1 that the number of equations to be solved for the scheme II is much less 

than that for the scheme I and independent of the cavity length as well. Furthermore, in 

comparison with the scheme I, the proposed scheme II is also more efficient in solving 

the optical field equations (4.24)-(4.26). This is due to the fact that the integrals therein 

can now be calculated beforehand. 
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Generally speaking, the device structure, material parameters and operation 

conditions, such as the coupling coefficient length productKL, differential gain, and the 

injection level, will all have impacts on the validity of the presented model. Figure 6.5 

shows the variation of the percentage error of the output power with the injection level for 

the same DFB laser but with different KL. More eigenmodes are used in the optical field 

expansion for the device with a higher KL, which explains its higher accuracy in the low 

current range. However, with the increase of the injection current, the error of the output 

power of the device with KL= 2.1 increase much faster than the one with KL= 1.5. This 

is due to the fact that higher optical power resulting from a higher injection level will 

cause a more non-uniform carrier distribution for the device with a larger KL . 

Meanwhile, the structure with KL= 1.5 is less affected by the LSHB and shows a higher 

accuracy in the high current range. 
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uniform-grating DFB lasers with different KL 
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The accuracy of this model can be further improved by incorporating higher order 

terms of the Taylor expansion when approximating Eq. (6.8). For example, the time-

dependent carrier distribution can be approximated to the second-order accuracy as 

N(z,t) ~ Na(t)-D1(t)f(z,t) +Di(t)f2 (z,t). (6.20) 

·11 b thr . . d . h dNa dD, d dD2hSuch t at there wt e ee rate equations, associate wit -- , - an -dt ,
dt dt 

governing the change of the carrier densities. For cases where the optical power is large 

enough to invalidate the moderate power assumption, we may have another strategy that 

we divide both the numerator and denominator of the Eq. (6.8) by bP as 

{ ) a(z, t)j[b(t)P(z, t)J 
(6.21)

N z,t = l/[b(t)P(z,t)]+l +c. 

1
We may then carry out the Taylor expansion of Eq. (6.21) in terms of - -, which 

bP 

now satisfy lb~I « 1. After using Eq. (6.5) and retaining the first two terms in the 

expansion, the carrier density distribution can be derived to take the form of 

N(z,t) = x(t) - y(t) 
2 

+ N
0 

• (6.22) 
1+ f(z,t) [1+ f(z,t)J 

Through a similar procedure, the rate equations for dx and dy can be obtained 
dt dt 

and used to simulate the case where the optical power is relatively high, together with 

mode amplitude equations. 
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6.7 Summary 

This chapter describes an improved solution to the standing-wave models 

proposed in the previous two chapters for simulating DFB laser diodes. By utilizing the 

fact that the longitudinal carrier distribution has an opposite pattern from that of the 

photon distribution inside the laser cavity, an approximation to the carrier distribution is 

made under the moderate power assumption. This allows the integrals involved in the 

standing wave formulation to be performed beforehand and also leads to a great reduction 

to the number of carrier rate equations to be solved, consequently resulting in a more 

efficient solution to the previously proposed standing wave models. 
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Chapter 7 

Rate Equations for the Photon Number and Phase 

7.1 Introduction 

There are normally two types of classical rate equation (OD) numerical models of 

DFB lasers. The first model, so-called conventional photon number rate equation [53], 

[80] is derived from the concept of particle balance, although well established and 

studied, does not include any phase information of the optical fields and neglects the 

variations of the fields and carriers along the laser cavity. However, for the distributed­

feedback laser, the phase of the fields and non-uniformities could be very strong and 

therefore play a rather important role in determining the lasing frequency and predicting 

dynamic behaviors of the laser. As such, the conventional rate equation model may not be 

suitable for simulating DFB lasers. The second type of model, derived from the concepts 

of the classical electromagnetic-field exchange of energy, is the traveling-wave amplitude 

equation, from which the rate equations for the photon number and phase can be obtained 

[5], [47]. This improved model includes the phase change of optical waves, but still 

ignores the non-uniformities along the laser cavity. 

This chapter derives the one-dimensional (ID) single-mode photon number and 

phase rate equations from the previously proposed standing wave model taking account of 
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both phase and non-uniformities of the optical field. The presented rate equations can be 

written in a similar form to the conventional single-mode OD model. The linkage between 

OD and lD model is then established and discussed. 

7.2 Rate Equations of the Photon Number and Phase 

Due to the good mode selectivity of the distributed feedback structure, DFB lasers 

can normally be well modeled by the single-mode rate equations. We will then derive the 

single-mode rate equations of the photon number and phase from the complex wave 

equations described by Eq. (4.24) or Eq. (5.11). Considering that the standing wave 

model based on threshold "hot" cavity modes is more general in the sense that it is able to 

deal with both index-coupled and gain-coupled DFB lasers, we choose the mode 

amplitude equation (5.11) as our starting point. By neglecting all the cross terms in Eq. 

(5.11) and only keeping the dominant mode amplitude A(t), we arrive at 

dA(t) 'A( ) _,( ) --=p t+17 t (7.1)
dt 

with 

p' =~th+ J: w'h(z)Ha4)th(z)dz 

= ~· +v,f: Q" (z)w"(z)iP"(z)dz+u, f: w•(zi[j~" j~f"(z)dz, (7.2) 

=~th +vg JL Qa (z )w'h (z)4>'h (z)dz + vgCjKa (z )w1h(z)4>1h' (z)dz 
0 

where i>1
h' (z) is obtained by swapping the two elements in i>1

h (z) and Eq. (5.3) is 

utilized. 
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The complex mode amplitude A (t) can be written as 

A(t) =~S(t) exp(j.9(t)), (7.3) 

where S (t) is the photon number inside the laser cavity and .9 (t) is the phase of the 

slowly varying envelope of the optical field. It is noticed that, in chapter 4 and chapter 5, 

3IA (t) <D (z )12 
has the dimension of the photon density ( cm- ). However, in order to 

compare with the existing rate equation model, the dimension of A (t) in this chapter is 

assigned such that IA (t)1 
2 

is the number of photons S (t) contained in the lasing mode. 

This can be done by assigning the noise term to the corresponding demanded dimension 

which is justified by the homogeneity of Eq. (5.11). As a result, the noise term 'ij' is now 

replaced by fj" which can also be approximated as a zero mean value Gaussian process 

with the correlation function 

v 
(fi"(t)·fj"*(t'))= l (fi'(t)fi'*(t'))=Rs8(t-t') (7.4) 

From the complex mode amplitude equation (7.1), the photon number and phase 

rate equations are readily derived as 

dS =2Re(A* · dA )=2Re(p')·S+2Re(fi"·A*), (7.5)
dt dt 

d.9 =Im(A• · dA J/s =Im(p') +Im{'ij" ·A" )jS. (7.6)
dt dt 
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The mode amplitude A(t) is obtained through the amplification of the 

spontaneous emission, so that it is not independent from ij"(t), yielding the ensemble 

average [ 4 7] 

(7.7) 

As such, Eq. (7.5) and Eq. (7.6) become 

dS =2Re(p')S +Rs+ jis , (7.8)
dt 

d8 Im( ') -e (7.9)dt = P +r ' 

where rs ,r8 represent the Langevin noise sources, which, under the Markovian 

assumption, have zero means and satisfy following correlation functions, respectively 

[103], [104] 

(rs (t) ·rs (t')) =2RsS(t)o(t-t'), (7.10) 

(re (t). re (t')) =__!!_o(t-t'). (7.11)
2S(t) 

By utilizing Eq. (5.5), the rate equations of the photon number and phase can be 

finally derived as 

~~ ={2Re(fh) + vg Re[J0r ( t;.g(z )(1 +jam )w1h(z )di1h(z) + jKa (z )w1h(z)dith' (z) pzJ}s 
+Rs +rs 

(7.12) 

~~ =Im{~th) +~vg Im[t{t;.g(z)(1 +jam )w1
h ( z )d>1h(z) + jKa (z)w1

h (z)di1h' (z) }tz J+ ji8 

(7.13) 
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with 8.g (z) denoting the increase of the material power gain from threshold condition. 

It is seen that Eqs. (7.12) and (7.13) resemble the form of conventional OD 

models, yet talcing account of longitudinal variations of the field, gain as well as the 

coupling strength. The detailed linkage between OD and 1 D model will be discussed in 

the next section. 

7.3 Linkage between OD and lD Models 

To compare with OD models, we introduce two effective parameters, namely 

effective modal gain 8.g and effective modal coupling strength ka of the lasing mode 

defined as follows 

(7.14) 

(7.15) 

By this definition, Eqs. (7.12) and (7.13) can be converted into the following form 

dS =(G - r) ·S + Rs + i;s (7.16)
dt ' 

(7.17) 

with 

G : Effective net rate of stimulated emission of the lasing mode given by 

G =vg [ Re(8.g)-am Im(8.g) +Re("Ka )] (7.18) 
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r : Effective photon decay rate of the lasing mode given by 

(7.19) 

tlm1 
: The change of the lasing frequency at the threshold with respective to the reference 

frequency lUa , given by 

(7.20) 

tlm2 
: The change of the lasing frequency above threshold given by 

(7.21) 

For the OD model, all the longitudinal variations are ignored. Ifwe also make this 

assumption to our ID model and neglect the carrier-dependent coupling coefficient, i.e. 

!lg is assumed to be constant along the laser cavity and K 
0 =0, the parameters in Eqs. 

(7.18) and (7.21) then become 

G = vg Re(!ig) = vgtlg, (7.22) 

tlm
2 

= ~ vgam Re(!ig) = ~ vgamtlg. (7.23) 

As such, the lD model will fully reduce to the OD models shown in [5], [ 47]. 

In system level modeling, OD models are widely used. They have been 

implemented as equivalent circuits to be numerically solved by SPICE or in hardware 

description languages in electro-optical system design [105], [106]. Another application 

example of OD models is based on the input/output buffer information specification 

(IBIS) where the dynamic behaviors are described by means of tabulated parameters [9], 
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[107]. In all of these applications, the parameter extractions are rather important as they 

dictate the accuracy of the model. Once the linkage of these parameters between OD and 

ID models is built, we may gain an insight as to how those phenomenologically induced 

parameters are dependent on the material, structural and operational parameters. 

Moreover, those analytical expressions of important laser characteristics, such as 

relaxation oscillation frequency, damping rate, etc., can also be derived in equivalent 

forms with the longitudinal non-uniformities included. This should be practically 

meaningful, especially to system designers. 

7.4 Summary 

In this chapter, single-mode rate equations for the photon number and phase are 

derived from the photon wave rate equations previously proposed. The resulting 

equations are presented in a similar form to the OD behavior model, with considering any 

longitudinal non-uniformity of the parameters. The linkage between OD and ID model, 

i.e. the system level modeling and device level modeling, is built to gain a deeper insight 

into the parameter dependence of the device. 
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Chapter 8 

Single-Mode Dispersive Grating DFB Lasers 

8.1 Introductions 

"Spectral purity" of the semiconductor laser, e.g. single-longitudinal-mode 

operation, is often required to reduce effects of fiber group-velocity dispersion [18] and 

hence allow longer reach with low error rate in fiber-optic communications. A narrow 

spectral width for a laser diode is also desired to enhance the transmission capacity of the 

networks where wavelength-division-multiplexing (WDM) systems [108] are applied. 

One of the dominant structures being widely used is the DFB laser. The uniform index­

coupled DFB lasers with perfectly AR coated facets have the intrinsic drawback of the 

two degenerate modes spectrally symmetric with respect to the Bragg frequency [19]. 

Although, this degeneracy may be lifted by introducing facet asymmetry, the yield is hard 

to control due to the random facet phases [ 109]. A It/4 -shifted grating can break this 

degeneracy, leading to the single-mode operation at the Bragg wavelength [20]. However, 

with the increase of KL, quantum efficiency decreases and also the photon/carrier 

distributions become highly non-uniform along the laser cavity, known as the spatial hole 

burning effects, causing a reduced side-mode suppression [39]. Another solution is the 

introduction of the complex coupling, i.e., the gain (or loss)-coupled DFB laser. Various 
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degrees of gain (or loss) coupling have been investigated [19], [21], [110]. It was shown 

that there will not be any degeneracy problem for purely gain-coupled DFB lasers and the 

lasing mode is locating exactly at the Bragg wavelength for devices with AR coated 

facets. The complex-coupled DFB laser will also introduce a large enough threshold gain 

difference to two otherwise degenerate modes, leading to the single-mode operation 

(either at longer wavelength mode or shorter wavelength mode). However, saturation 

instabilities may occur for loss gratings [111] and the gain coupling is highly dependent 

on the carrier density which varies greatly with current injection level for gain gratings 

[93]. Complex dynamics for this type of lasers needs careful modeling. 

For a normal index-coupled grating, we found that if the dispersion curves of the 

materials constituting the high and low index region are different, the coupling strength 

between two counter propagating waves becomes wavelength dependent. We call such 

gratings "dispersive gratings". It is found that, for the conventional uniform-grating DFB 

laser, the degeneracy of the two modes symmetric to the Bragg wavelength will be lifted 

due to this new wavelength selection mechanism. This design idea is first proposed in 

[P.7]. In this chapter, this novel DFB laser design is introduced and analyzed by using the 

previously proposed modeling technique. 

8.2 Theoretical Framework for Existing Gratings 

For conventional uniform-grating DFB laser with both facets AR-coated, we can 

obtain the threshold gain constant a and the detuning t5 of the corresponding 

propagation constant through the following transcendental equation [19] 
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a- j8 = rcoshrL/sinhyL (8.1) 

with the complex propagation constant r obeying 

(8.2) 


*For the index-coupled DFB lasers, K is a real number, i.e. K = K • Taking 

complex conjugate on both sides ofEq. (8.1) and Eq. (8.2), we obtain 

a+ jo = r* (coshy*L/sinhy*L) (8.3) 

with 

(8.4) 

It is seen that if (a,o) is a solution set, (a,-8) is also a solution set, which 

means that for any lasing wavelength we obtain with detuning o and threshold gain a , 

there is always an accompanying lasing wavelength at detuning -8 with the identical 

threshold gain. From Eq. (8.1) and Eq. (8.2), we have 

~r2 
-K

2 =rcoshrL/sinhyL. (8.5) 

We further notice that 8 = 0 cannot be a solution of the above lasing condition 

since a real y (due to 8 =0 in Eq. (8.2)) makes the left hand side of Eq. (8.5) smaller 

than r whereas the right hand side larger than r. As a result, the conventional DFB laser 

with uniform index-coupled grating can never achieve single mode operation at Bragg 

wavelength and has dual-mode operation due to the threshold gain degeneracy at two 

different lasing wavelengths symmetrically located at two sides of the Bragg wavelength. 
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Based on such understandings, we further deduce that, for complex-coupled DFB 

lasers in which Kbecomes a complex number, i.e. K * K•, the fact (a,8) is a solution set 

does not necessarily lead to the conclusion that (a,-8) is also a solution set of Eq. (8.1) 

since Eq. (8.4) is no longer valid. Consequently, the original degeneracy is broken for 

complex coupling coefficients. For purely gain (or loss)-coupled DFB lasers, K is an 

imaginary number. 8 =0 can thus be a solution since both sides of Eq. (8.5) are larger 

than the real r now. As such, single-mode operation is achieved at the Bragg 

wavelength. Another widely employed method for forcing the DFB laser to lase at the 

Bragg wavelength is to add an extra section of quarter wavelength in between two 

uniform-grating sections, i.e., A.,/4 -shifted DFB lasers, where the solution set is however 

not obtained through searching the roots ofEq. (8.1) directly. 

8.3 Dispersive Gratings 

The uniform index-coupled DFB laser using a dispersive grating is introduced in 

this section as an alternative method to break the inherent degeneracy as follows 

(8.6) 

where K0 is the "background" coupling strength and 1J the detuning coefficient. Assume 

the grating is formed through periodic change between the index 1Zi of the high index 

region and n2 ofthe low index region, and 

d1Zi(2) 
1Zi(2) = 1Zio(20) + -;J;: (A.. -A..o) ' (8.7) 
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with rlio, n20 denoting the effective index of high and low index region at Bragg 

wavelength respectively, and dn1 IdA. * dn2 IdA. . An illustration of such an arrangement 

is shown in Figure 8.1. 

l 

Figure 8.1 Illustration of a dispersive grating with n10 * n20 , dn1 Id}., * dn2 I dA, 

The coupling coefficient [19] of this dispersive grating can be calculated by 

(8.8) 


By using Eqs. (8.6) to (8.8) and utilizing 8 =2nneff I A, - 7r I A and A.0 =2neffA, 

we obtained 

(8.9) 


(8.10) 
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It is seen from Eq. (8.10) that 17 in quantity is the effective index dispersion 

difference within one grating period. By the definition of Eq. (8.6), K remains real, 

however it changes with 8 as illustrated in Figure 8.2. A different threshold gain a is 

obtained for the two otherwise degenerate modes due to the selectivity of the coupling 

coefficient with respective to the wavelength, leading to single mode operation. 

K 

17 > 0 
,' 

_·_·····_·····_·····_·····_·····_·····_·····_····_·····_·····_·····_·····~···~,-' ~-~-' ,_,_,,_,_,_,,_,_,,_,__ 17 =0 

-- "·-......, ........,'···-·-..,...•., 

, 

,' 17<0 

0 

Figure 8.2 Illustration of the dispersive coupling coefficient with 17 > 0 (dashed line) or 
17 < 0 (dotted line) and the conventional wavelength independent coupling coefficient 

with 17 =0 (solid line) 

The grating dispersion is generated by introducing non-equal effective index 

dispersions in the two different sections of every grating period. Basically, there are two 

ways to realize the dispersive effective indices. One is through waveguide dispersion; the 

other is through material dispersion. One possible realization method is to apply the 

electromagnetically induced transparency (EIT) [112], [113], where the index corrugation 

is not formed by the periodic variation of semiconductor materials with different effective 

indexes. Rather, they are generated by the coherent processes associated with the 

interaction of an intense IR laser beam with a corrugated quantum well (QW) structure. 
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The structure view is shown in Figure 8.3 (a) and one simulation example is shown in 

Figure 8.3 (b), which indicates a detuning coefficient of~-12%with an incident beam of 

0.7mW/cm2
• However, we may notice from Figure 8.3 that the related wavelength in 

this example is not in the telecom wavelength band. If semiconductor materials with 

significant conduction band offsets are used, such as InGaAs/ AlAsSn, the wavelength 

region may be extended to 1.5 µm. But this still is an open research topic. 

~ Control light 

.!: 3.294 

~QWregion 

3.29 ..___ _.___ ____.____,_____ ____. 
5.3 5.305 5.31 5.315 5.32 

Wavelength (µm) 
(b) 

Figure 8.3 (a) Schematic view ofElectromagnetically Induced Transparency; 
(b) Variations ofrefractive indices of QW regions and trenches with wavelength 

* Figure 8.3 is calculated by Dr. Seyed M. Sadeghi 
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8.4 Simulation Results 

1) Threshold Analysis 

The devices under investigation in this section are the dispersive grating DFB 

lasers with K0 =f::. 0. Figure 8.4 (a), (b) show the threshold condition (a,8) of two 

dispersive grating designs with KL= 2 and KL= 4, respectively. Cases with different 

detuning coefficient are investigated, 1.e. TJ = 5%, 10% (square, star) and 

TJ =-5%, -10% (circle, triangle). Threshold conditions of conventional DFB lasers 

(TJ =0) with the same normalized coupling strengths are also plotted (cross) for the 

purpose of comparison. It is observed from Figure 8.4 that there is only one mode at one 

side of the stopband edge that takes the lowest threshold gain with either positive TJ or 

negative TJ • If TJ > 0 , the coupling strength for the ( +1) mode at the right hand side of the 

centre frequency increases, leading to a lower threshold gain; while that for the (-1) 

modes decreases, causing a higher threshold gain due to a negative 8 . Also, we noticed 

from Figure 8.4 that both a larger TJ and a smaller K0L will help to increase the gain 

margin between ( +1) and (-1) modes. 
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Figure 8.4 Threshold condition of dispersive grating DFB lasers with different T/ under 

normalized background coupling strength (a) K0L = 2 and (b) K 0L = 4 
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To further examine the impact of 17 and K 0L on the gain margin which normally is 

an indication of the single-mode operation, we define the relative change of the coupling 

strength as 

(8.11) 

Figure 8.5 shows the change of the magnitude of the normalized gain margin with 

the magnitude of ~ for the different detuning coefficients. According to T. L. Koch et al. 

[114] a normalized gain/loss margin in excess of l~aLI- 0.015 is necessary to achieve a 

25dB side mode suppression ratio (SMSR) for typical laser parameters under CW 

operation. While for dynamic single mode operation of intensity modulated lasers, the 

typical normalized gain/loss margin of 0 .15 is desired to achieve a SMSR of ~25dB. We 

here takel~aLI =0.2 as our single mode operation criterion. It is observed from Figure 

8.5 that ~ > 0.1 is required for 1171 =5% . This actually corresponds to K 0L ::;; 2 from Eq. 

(8.11). If a larger 1171 is applied, the constraint on K 0L will be greatly relaxed. Figure 8.6 

shows the transmission spectrum of a typical dispersive grating DFB laser design 

with K 0L =2 , 17 =±5% . It is clearly shown that the ( +1) mode is favored if 17 =+5% , 

while the (-1) mode is selected if 17 =-5%. This is obviously attributed to the threshold 

gain discrimination brought by the grating coupling strength dependence on the detuning, 

as we previously analyzed. 
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1;1 
Figure 8.5 Change of the magnitude of the normalized gain margin with that of the 
relative change of the coupling strength for different detuning coefficients 

(+1) mode 

17 =+5% 

-20~~~~~~~~~~~~~~ 
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Normalized Detuning 5L 

Figure 8.6 Transmission spectrum of the dispersive grating DFB laser with 17 =5% (solid 
line) and 17 =-5% (dashed line) 

130 




Chap. 8 Dispersive Grating DFB Lasers Ph.D. Thesis-Yanping Xi-Blee. & Comp. Engineering 

2) Above Threshold Analysis by Using the SWM-CCM 

With the eigen-solutions obtained through the threshold analysis, the above 

threshold performances of the dispersive grating DFB lasers can be investigated by the 

standing wave model based on "cold" cavity modes proposed in chapter 4. The device 

being simulated has the normalized background coupling coefficient of K 0L =2 and the 

detuning coefficient of 'T/ = +5%, - 5% or 0, corresponding to cases where the dispersive 

K with positive slope, negative slop or non-dispersive K (see illustration in Figure 8.2). 

The injection current of the laser is 50mA and the two facets of the laser are AR-coated. 

Other laser parameters are listed in Table 4.1. 

The CW optical spectrum is obtained by Fourier transforming the optical field 

samples produced by the SWM-CCM time-domain model after the transient has settled 

down. The results are shown in Figure 8.7 (a), (b) and (c) for three different detuning 

coefficients, respectively. The corresponding output power evolutions of {+l) and (-1) 

modes are also depicted in the insets of the Figure 8.7. It is observed that the conventional 

uniform-grating DFB laser suffer the intrinsic demerit of the dual-mode lasing. The 

dispersive grating DFB laser with positive detuning coefficient will lead to the lasing of 

( + 1) mode with (-1) mode being greatly suppressed. The situation for negative detuning 

coefficient reverses. 
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Figure 8.7 Optical spectrum of (a) the conventional uniform-grating DFB laser (1/ =0) 
(b) the dispersive grating DFB laser with 1J =+5% and (c) the dispersive grating DFB 
laser with 1J =-5% ; The insets show the evolutions of the output power for ( +1) and (-1) 
modes for three cases respectively. 

8.5 Discussions 

In the last section, we consider the dispersive grating structure with the 

background coupling strengthK0 ':# 0 and both facets AR-coated. It is naturally interesting 

to explore what performances the structure will have if = 0 at the BraggK0 

wavelength Ao .Both facets are as cleaved in this case. As such, the propagating waves see 

no reflections from the grating at Ao except for the reflection from the facets. An 

illustration of this structure is shown in Figure 8.8. To include the effects of reflections 

from two facets, the transcendental equation ( 4.12) is used. The corresponding threshold 

conditions for the cases of 1J > 0 and 1J < 0 are calculated and shown in Figure 8.9. The 
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results for 1J =0 are also added for comparison, which actually indicate the conventional 

FP cavity modes since reflections only come from two facets for the whole wavelength 

range. Also, for all cases of the different values of 1J , the modes at the Bragg wavelength 

are overlapped due to <5 =0 . It is observed in Figure 8.9 that if 17 > 0 , the central mode (at 

Bragg wavelength) bears the highest threshold gain, while the threshold gains of other 

modes are almost indistinguishable, which is absolutely not a candidate for single-mode 

lasers. However, if TJ > 0, the central mode has the lowest threshold gain which indicates 

the possible realization of a single-mode laser. It is also shown that a detuning coefficient 

of -30% is required to achieve a gain margin of- 0.2 in this case. Figure 8.10 shows the 

transmission spectrum for this structure. We observe from Figure 8.9 that the 

performance of this structure is quite sensitive to the phase of the detuning coefficient 1J • 

This may be a problem for utilizing this structure for practical applications and therefore 

warrants further investigations. One possible solution is to add an adjustable phase 

section to compensate for the phase variation. 

n 

i 


--~A. 

Figure 8.8 Illustration of a dispersive grating with1ii0 =n20 , dn1 I dA. *- dn2 I dA. 
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8.6 Conclusions 

This chapter presents a novel DFB laser by incorporating a dispersive grating, whose 

coupling strength is dependent on the operating wavelength. Analysis of the laser 

threshold conditions shows that the proposed structure guarantees single-mode operation 

due to the inherent threshold gain discrimination on the two otherwise degenerate lasing 

modes. The design concept is then successfully verified by the simulation example using 

the standing wave model developed in chapter 4. We therefore concluded that the dual­

mode operation problem in the conventional uniform-grating DFB laser can be cured by 

the dispersive grating without resorting to the existing methods such as quarter-wave­

shifted or complex-coupled gratings. 
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Chapter 9 

Conclusions and Future Work 

9.1 Summary of Contributions 

This thesis has mainly focused and contributed on the development and 

demonstration for a set of new standing-wave laser diode numerical models and 

associated simulation methods and the analysis of a novel laser diode design based on the 

dispersive grating. We have systematically investigated and advanced the state-of-the-art 

for one-dimensional (lD) models of DFB lasers. By expanding the laser field in terms of 

modes of "cold" cavity and threshold "hot" cavity respectively, we have established two 

new standing-wave formulations for which the more efficient time-domain simulation can 

be implemented. The common merit of them is that the eigenmodes are obtained at the 

fixed reference point and only need to be searched once as a priori knowledge. The 

accuracy and efficiency of the model and simulation methods are demonstrated and 

validated by simulation of typical DFB lasers with index or gain couplings. These models 

will find their promising applications in the device design and optimizations where the 

computation time is of concern. It is worth mentioning that the proposed numerical 

models are aiming at simulating DFB lasers, however they are not only limited to this 

type oflaser. 
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Further, the new standing-wave formulation resembles the form of the 

conventional zero-dimensional (OD) rate equation models that are widely used for design 

and simulation of optical systems. Derived from a more rigorous one-dimensional model, 

the resulting rate equations account for longitudinal optical and carrier non-uniformity 

and lend to more intuitive and revealing linkage to the structural, material, as well as 

operational parameters of the laser diode. As such, this rate equation model is expected to 

provide system designers with an accurate simulation tool to understand and predict the 

laser performances. 

Finally, a novel design of dispersive grating DFB laser has been analyzed by 

using the modeling techniques developed in this thesis. The new design is expected to 

greatly increase the yield of the conventional uniform-grating DFB laser. 

The major contributions of this thesis are summarized as follows and 

corresponding publications can be found in Appendix C. 

1. 	 Based on the Suzuki's fractal decomposition approach, a high-order split-step 

traveling wave model has been developed and it is shown to be more efficient 

than the conventional split-step method [P.5]. 

2. 	 An efficient standing wave model based on "cold" cavity modes expansion has 

been developed for simulating index-coupled DFB lasers [P.3]. The single-section 

DFB structure, e.g. the uniform-grating DFB laser [P.8] and the multi-section 

structure, e.g. the A./4 -shifted DFB laser [P.6] have been investigated. The scope 

of validity has been discussed and the efficiency of the model has been 

demonstrated through comparing with the traveling wave model. 
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3. An efficient standing wave model based on threshold "hot" cavity modes 

expansion has been developed for simulating gain-coupled DFB lasers [P.l]. The 

current-dependent coupling strength is taken into account in this model. The 

complexity and efficiency of this model are shown to be almost at the same level 

with the standing wave model based on "cold" cavity modes. 

4. 	 A more efficient solution scheme to the previously proposed standing wave 

models has been presented where an approximation is made on the time­

dependent carrier density distribution [P.2]. The complexity of the standing wave 

models previously proposed are greatly reduced in cases where the assumption is 

valid. 

5. 	 Photon number and phase rate equations are derived from the proposed standing 

wave model with the attemption to establish the linkage between OD model and 

lD model of DFB lasers and provide system designers an accurate simulation 

tool. 

6. 	 A single-longitudinal-mode DFB laser is firstly designed and analyzed based on a 

dispersive-grating DFB structure proposed in [P.7]. The previously proposed 

standing wave model is applied as an evaluation tool. Simulation results show that 

the threshold gain difference is introduced to the two otherwise degenerate modes 

of the uniform-grating DFB laser, leading to the single mode operation [P.4]. 
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9.2 	 Suggestions for Future Research 

Based on the research work done in this thesis, following topics are worth further 

study: 

1. 	 In chapter 6, the approximation to the carrier density distribution is valid if the 

optical power is moderate. Other approximation strategies exist when the optical 

power is relatively large, which has been briefly discussed at the end of chapter 6. 

However, further careful investigation on this topic is still necessary such that a 

more efficient solution to the standing wave model will be also available for the 

large optical power case. 

2. 	 To establish the relation of parameters between OD and lD model of DFB lasers 

is of practical significance to system designers. Chapter 7 makes an attempt to 

build such linkage through theoretical derivation. More detailed research work on 

this topic can be explored. For example, with the help of such linkage, the 

dependence of those phenomelogically induced parameters in OD model on the 

structure, material parameters and operation conditions can be studied in detail. 
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Appendix A 

Consistency and Stability of the FTBS FD Scheme 

A. Consistency ofthe FTBS FD Scheme: 

1 a a 
Define the operator P as --±- so that 

vg at az 

1 BF BF 
---+­
vg at az 

1 BR BR 
(A.1) 


For the FTBS scheme (2.24), the difference operator is given by 

Fk+1 pk
n+l - n+l Fn:1 -F,,k

+ /).zv/it 
(A.2)P, [~] ~ Rk+1 -Rk 

n-1 n-1 R: -R:_1 
/).zv/l.t 

From the Taylor expansions evaluated at ( n!l.z, kl:l.t) that 

Fk+l =Fk + BF M + BF /).z + ..!.. a2 F M2 + ..!.. a2 F /).z2 +O(l:l.t3) +O(!l.z3) 
n+l n at az 2 8t2 2 8z2 

Fk =Fk 
n+l n 

Rk+l -Rk-
n-l n 

Rk = J)k 
n-l ... ~ 

aF A- ..!.. a2 F A-2 ocA-3)+ ~ + 2 ~ + ~ 
az 2 az 

2 2 
aR A aR A- 1 a R A 2 1 a R A-2 ocA 3) ocA-3)+-1J.t--~+--1J.t +--~ + 1J.t + ~ 
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- BR !l.z + ..!._ a2 R !l.z2 + O(!l.z3) 
az 2 8z2 
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We may obtain 

82 F1 BF BF 1 1 82 F 2 2--+-+--t:..t+--t:..z+O(t:..t )+O(t:..z)
8t2 2 8z2 

vg at az 2vg 
(A.3) 

82R1 BR BR 1 1 82R 2 2----+--t:..t+--t:..z+O(t:..t )+O(t:..z) 
vg at az 2vg 8t2 2 8z2 

Thus 

1 a2F 1 a2F
--f:..t+--t:..z + O(M2 

) + O(t:..z2 
)

8t2 2 8z22vg 
~ o as ( t:..z , t:..t) ~o 

a2 R 1 a2 R1
--f:..t+--t:..z + O(f:..t2

) + O(t:..z2 
) 

2v g 8t2 2 8z2 

Therefore, this scheme is consistent [62]. 

B. Stability Study ofthe FTBS FD Scheme by Von Neumann Analysis: 

It was also proved in [62] that the homogeneous version of Eq. (2.21) is stable if 

Pw =0 is stable under a consistent one-step scheme. By talcing the complex field of the 

forward propagation wave as an example, we may obtain from Pd F =0 that 

(A.4) 


We may define the Fourier transform to the grid function Fn as 

(A.5) 

As a result, the Fourier inversion transform may read 

(A.6) 
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Substituting Eq. (A.6) into Eq. (A.4) for F,,~ andFnk, we have1 

(A.7) 

On the other hand, we may also obtain from Eq. (A.6) 

(A.8) 

Comparing Eq. (A.7) with Eq. (A.8), it is deduced that 

(A.9) 

with 

(A.10) 

It is found that the FD scheme is stable if !Pl~ 1 [62] which is valid if 'Ir ~ 1. The same 


condition can be found for the complex field of the backward propagation by using the 


similar procedure. 


We may conclude that the criterion of the stability of the FTBS scheme is 'Ir ~ 1. 
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AppendixB 

Analytical Solutions of Integrals in Photon Wave 

Equations with Carrier Shape Approximation 

By using Eq. (6.2), the analytical expressions of the integral in Eq. (6.16) and Eq. (6.17) 

for the uniform-grating DFB laser are derived as follows 

CE>fwm<i>~ dz =czmn {2{(X1X2 +J}J2)sinh(rAL)+(X1J2 +X2 JI)[cosh(rAL)-1]}/rA 

+2{(X1X2 -J}Y2 )sinh (rsL)+ (X1Yz -X2JI)[cosh(rsL)-1]}/rs 

+2{(X2X3+YzY3)sinh(rcL)+(X2 Y3 +X3J2)[cosh(rcL)-1]}/rc 

+2{(X2X3-YzY))sinh(rnL)-(X2 Y3 -X3Yz)[cosh(rnL)-1J}/rv 
(B.1)

+2{(X1X4 +J}Y4)sinh(rEL)-(X1i4 +X4JI)[cosh(rEL)-1J}/rE 

+2{(X1X4 -J}J4)sinh(rFL)-(X1i4 -X4JI)[cosh(rFL)-1]}/rF 

+2{(X3X4 +Y)Y4)sinh(rGL)-(X3Y4 +X4f3)[cosh (rGL)-1]}/rG 

+2{(X3X4 -Y3J4)sinh(rHL)-(X3J4 -X4f3)[cosh(rHL)-1]}/rH} 

where 

2 2{Yi2 
+ 1) (Ir,1+ l;i°fug r+ K ) + 47j IC Im(;,0 

)jug 
x =---'----------­

2 'Ir,12 

_ _ 2'i (tc2 -;~;~fun+ Jtc(;~ +;~)('i2 +i)/ug _ ( 2 )
X 3 - 47j - X1 - 27j - , X4 - 2 1j +1 - X 2 

YmYn 
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Equation (B 1) is valid for r x =1= o, X = A,···, H , otherwise the corresponding integral is 

replaced by the coefficient in front of the term "sinh(rxL) ". 
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