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Abstract

This thesis presents the methods to extract modal parameters of semiconductor

laser diodes based on a general zero-dimensional rate equation model. Three experi-

ments, namely: the steady-state power versus injection current, small signal intensity

modulation response and measurement of small signal response through dispersive

optical fiber have been introduced, performed and analyzed under a sample space of

20 Multiple Quantum Well (MQW) Distributed feedback (DFB) laser of the same

specification and from the same manufacturer. Testing software has been developed

to perform the experiments , collect and analyze the data. The test results display

an interesting Gaussian distributions that can be used to enhance further extraction

process.

An new method to extract the line-width enhancement factor has been purposed,

which introduce a new way to extract rate equation parameters for laser lasing at the

wave length for zero dispersion in optical fiber (1310nm). The new method circumvent

the difficulty for measurement of small signal response through dispersive optical fiber

method will not work due to the low fiber dispersion around this wavelength. This

method has been validated and published at OSA conference.
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Notation and abbreviations

Γ mode confinement factor(unitless)

N0 Carrier density at transparency (m−3)

τp photon life time (s)

βsp fraction of spontaneous emission coupled into lasing mode (unitless)

τc carrier lifetime (s)

Vact active layer volume (m3)

g0 gain slope constant (m3/s)

ε gain compression factor (m3)

η differential quantum efficiency (unitless)

α line-width enhancement factor (unitless)

N(t) electron density (m−3)

S(t) photon density (m−3)

I(t) injection current (A)

q electron charge (C)

h Planck’s constant (J · s)

v unmoderated optical frequency (Hz)

vg group velocity (m/s)
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A non-radiative recombination coefficient (unitless)

B radioactive recombination coefficient (unitless)

C Auger recombination coefficient (unitless)

ηi quantum efficiency (unitless)

viii



Contents

Abstract iv

Acknowledgments v

Notation and abbreviations vii

1 Introduction 2

1.1 Fiber-Optic Communication System . . . . . . . . . . . . . . . . . . . 2

1.2 Distributed Feedback Semiconductor Laser . . . . . . . . . . . . . . . 4

1.3 Simulation of Fiber-Optical Communication System . . . . . . . . . . 5

1.4 Extraction of Semiconductor Laser Rate Equation Parameters . . . . 7

2 Zero Dimensional for DFB Semiconductor Laser Rate Equations and

Simulation 9

2.1 Large signal single mode rate equations . . . . . . . . . . . . . . . . . 10

2.2 Alternative form of rate equations . . . . . . . . . . . . . . . . . . . . 11

2.3 Derivations of optical power . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Steady-state power versus injection current . . . . . . . . . . . . . . . 16

2.5 Turn-on delay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

ix



2.6 Small signal intensity modulation response . . . . . . . . . . . . . . . 21

2.7 Small signal response through dispersive optical fiber . . . . . . . . . 28

3 Parameter Extraction Methods and Experiments 31

3.1 The steady-state power versus injection current measurement . . . . . 32

3.2 Small signal intensity modulation response measurement . . . . . . . 36

3.3 Measurement of small signal response through dispersive optical fiber 44

3.4 Statistics of Experimental Data . . . . . . . . . . . . . . . . . . . . . 51

3.5 Calculation of the rate equation parameters from experimental data . 57

3.6 Statistics of the Extracted Parameters . . . . . . . . . . . . . . . . . 59

4 Extraction of the Line-width Enhancement Factor of DFB Semicon-

ductor Lasers 65

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2 The Proposed Method . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2.1 Relationship between intensity-modulation and frequency mod-

ulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 Conclusion and Future Work 78

x



List of Figures

1.1 A basic fiber-optic communication system: with optical transmitters,

optical receivers, optical fibers and optical amplifier. . . . . . . . . . . 3

1.2 A simple structure of Distributed Feedback (DFB) semiconductor laser. 5

2.1 Optical power(mW) versus bias current(mA) characteristics . . . . . 19

2.2 Optical power(dBm) versus bias current(mA) characteristics . . . . . 20

2.3 Small signal intensity modulation responses of a DFB laser at different

biased currents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 Small signal intensity modulation responses of a DFB laser at different

biased currents relative to 20mA bias current. . . . . . . . . . . . . . 27

2.5 Small signal intensity modulation responses of a DFB laser through

dispersive optical fiber at different biased currents . . . . . . . . . . . 30

3.1 The schematic of Steady-State Optical power versus Injection current

experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2 Steady state measurements of semiconductor laser (FU-650SDF-FW41M15)

power (in mW) versus bias current (in mA), where the square repre-

senting the experimental data and line representing the line of best

fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

xi



3.3 Steady state measurements of semiconductor laser (FU-650SDF-FW41M15)

power (in dBm) versus bias current (in mA), where the square repre-

senting the experimental data and line representing the line of best

fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 The schematic of small signal intensity modulation response experiment. 38

3.5 The experimental result of small signal IM response curve under dif-

ferent bias current with FU-650SDF-FW41M15 semiconductor DFB

laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.6 The experimental result of relative small signal IM response curve un-

der different bias current with FU-650SDF-FW41M15 semiconductor

DFB laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.7 The experimental result of relative small signal IM response curve

under 24mA bias current with FU-650SDF-FW41M15 semiconductor

DFB laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.8 Curve fitting of experimental result of relative small signal IM response

curve under 24mA bias current with FU-650SDF-FW41M15 semicon-

ductor DFB laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.9 The schematic of small signal intensity modulation response through

dispersive fiber experiment. . . . . . . . . . . . . . . . . . . . . . . . 46

3.10 The part one of small signal IM response through dispersive fiber at

two different bias current. . . . . . . . . . . . . . . . . . . . . . . . . 47

3.11 The part two of small signal IM response through dispersive fiber at

two different bias current. . . . . . . . . . . . . . . . . . . . . . . . . 48

xii



3.12 The small signal IM response through dispersive fiber difference curve

at bias current of 20mA. . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.13 Curve fitting of small signal IM response through dispersive fiber dif-

ference curve at bias current of 20mA. . . . . . . . . . . . . . . . . . 50

3.14 the statistics of F parameter . . . . . . . . . . . . . . . . . . . . . . . 52

3.15 the statistics of Ith parameter . . . . . . . . . . . . . . . . . . . . . . 52

3.16 the statistics of IS parameter . . . . . . . . . . . . . . . . . . . . . . 53

3.17 the statistics of fR0 parameter . . . . . . . . . . . . . . . . . . . . . . 53

3.18 the statistics of ΓR0 parameter . . . . . . . . . . . . . . . . . . . . . . 54

3.19 the statistics of fR parameter . . . . . . . . . . . . . . . . . . . . . . 54

3.20 the statistics of ΓR parameter . . . . . . . . . . . . . . . . . . . . . . 55

3.21 the statistics of α parameter . . . . . . . . . . . . . . . . . . . . . . . 55

3.22 the statistics of fc parameter . . . . . . . . . . . . . . . . . . . . . . . 56

3.23 the statistics of λ parameter . . . . . . . . . . . . . . . . . . . . . . . 56

3.24 the statistics of βsp parameter . . . . . . . . . . . . . . . . . . . . . . 60

3.25 the statistics of βsp parameter . . . . . . . . . . . . . . . . . . . . . . 61

3.26 the statistics of τp parameter . . . . . . . . . . . . . . . . . . . . . . . 61

3.27 the statistics of η parameter . . . . . . . . . . . . . . . . . . . . . . . 62

3.28 the statistics of ε parameter . . . . . . . . . . . . . . . . . . . . . . . 62

3.29 the statistics of τc parameter . . . . . . . . . . . . . . . . . . . . . . . 63

3.30 the statistics of g0 parameter . . . . . . . . . . . . . . . . . . . . . . . 63

4.1 The experimental setup used in the purposed method. . . . . . . . . . 67

4.2 Measured (circle) and calculated (solid line) ratios of side-bands as a

function of modulation frequency . . . . . . . . . . . . . . . . . . . . 73

xiii



4.3 Measured (circle) and calculated (solid line) small signal response of a

DFB laser with 25.3km SMF-28 fiber . . . . . . . . . . . . . . . . . . 74

xiv



List of Tables

2.1 List of parameters to be extracted . . . . . . . . . . . . . . . . . . . . 11

3.1 Experimental result of steady-state power versus injection current. . . 37

3.2 Experimental result of small signal intensity modulation response. . . 44

3.3 Experimental result of small signal intensity modulation response through

dispersive fiber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4 The extracted rate equation parameters. . . . . . . . . . . . . . . . . 60

1



Chapter 1

Introduction

1.1 Fiber-Optic Communication System

A communication system transmits information from one place to another, whether

separated by a few kilometers or by oversea distances. Information is often carried by

an electromagnetic carrier wave whose frequency can vary from a few megahertz to

several hundred terahertz. Optical communication systems use high carrier frequen-

cies (100 THz) in the visible or near-infrared region of the electromagnetic spectrum.

Fiber-optic communication systems are light-wave systems that employ optical fibers

for information transmission. Such systems have been deployed worldwide since 1980

and have indeed revolutionized the technology behind telecommunications [1]. The

main components of Fiber-optic Communication systems are optical transmitters,

optical receivers, optical fibers and optical amplifiers. As figure 1.1 shows a basic

fiber-optic communication system with these components.

The role of the optical transmitter is to convert an electrical input signal into

the corresponding optical signal and then launch it into the optical fiber serving as

2
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Figure 1.1: A basic fiber-optic communication system: with optical transmitters,
optical receivers, optical fibers and optical amplifier.

a communication channel[2]. The major component of the optical transmitters is an

optical source. Fiber-optic communication systems often use semiconductor optical

sources such as light-emitting diodes (LEDs) and semiconductor lasers because of

several inherent advantages such as compact size, high efficiency, good reliability,

right wavelength range, small emission area compatible with fiber-core dimensions.

The role of an optical receiver is to convert the optical signal back into electri-

cal form and recover the data transmitted through the light-wave system. Its main

component is a photo-detector that converts light into electricity through the photo-

electric effect. The requirements for a photo-detector are similar to those of an optical

source. It should have high sensitivity, fast response, low noise, low cost and high

reliability. Its size should be compatible with the fiber-core size, These requirements

are best met by photo-detectors made of semiconductor materials.

The phenomenon of total internal reflection, responsible for guiding of light in op-

tical fibers, has been know since 1854. Although glass fibers were made in 1920s, their

use became practical only in 1950s, when the use of a cladding layer led to consid-

erable improvement in their guiding characteristics. Before 1970, optical fibers were

used mainly for medical imaging over short distances. Their use for communication
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purposes was considered impractical because of high losses. However, the situation

changed drastically in 1970 when the loss of optical fibers was reduced to below 20

dB/km[3]. Further progress resulted by 1979 in a loss of only 0.2 dB/km near the

1.55-µm spectral region[4]. The availability of low-loss fibers led to a revolution in the

field of light-wave technology and started the era of fiber-optic communications [1].

The transmission distance of any fiber-optic communication system is eventually

limited by fiber losses. For long-haul systems, the loss limitation has traditionally

been overcome using optoelectronic repeaters in which the optical signal is first con-

verted into an electrical current and then regenerated using a transmitter. Such re-

generators becomes quite complex and expensive for wavelength-division multiplexed

(WDM) light-wave systems. An alternative approach to loss management makes use

of optical amplifiers, which amplify the optical signal directly without requiring its

conversion to the electrical domain. Several kinds of optical amplifiers were developed

during the 1980s, and the use of optical amplifiers for long-haul light-wave systems

became widespread during the 1990s. By 1996, optical amplifier were a part of the

fiber-optic cables laid across the Atlantic and Pacific oceans [1].

1.2 Distributed Feedback Semiconductor Laser

Distributed feedback (DFB) is a type of laser diode where the active region of the

device is periodically structured as a diffraction grating.[5][6][7] The structure builds

a one dimensional interference grating and the grating provides optical feedback for

the laser. The grating acts as the wavelength selective element which reflect only a

narrow band of wavelengths, thus produce a single longitudinal lasing mode. Which

in contrast to a Fabry-Perot laser[8], where the facets of the chip form the two mirror

4
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and provide feedback that a broadband of wavelengths are reflected to cause multiple

longitudinal modes.

Figure 1.2: A simple structure of Distributed Feedback (DFB) semiconductor laser.

In long-haul fiber-optic communication system, Distributed feedback (DFB) semi-

conductor lasers plays the major role as optical transmitter. Due to its short spectral

width and stability over other type of laser. In fact, the deploy of the 3rd generation

light-wave system s was possible only after the development of DFB semiconductor

lasers, which reduce the impact of fiber dispersion by reducing the source spectral

width below 100 MHz.

1.3 Simulation of Fiber-Optical Communication Sys-

tem

In a long-haul fiber-optic communication system design, many things need to be

take into account before deploy, such as loss, dispersion and nonlinearity of the fiber,

bit rate, transmission distance, power budgets (or link budget), rise-time budgets

(or bandwidth budget) and etc.[9] With the rise of computing technique and relative
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price of computer hardware become lower, the use of simulation of the fiber-optic

communication system prior to the deployment in design phase become more and

more popular. Which are greatly reduce the cost and time consumption than setup

experiment to design and verify the entire process. The process can be even done on a

regular personal computer in acceptable time to achieve fine result. During computer

simulation, the parameters can be modified and verified whether it matches required

specifications.

As previous section’s discussion, the DFB laser is one of the key components in

light-wave communication systems. The single mode property of the DFB laser sig-

nificantly reduced the chromatic dispersion of light-wave signal in the optical fiber

compared with the multi-mode lasers such as the Fabry-Perot laser. Due to the low

dispersion characteristic, the DFB lasers are widely used in the long haul communi-

cation. It has attached a lot of attentions from researches in these years. A lot of

works have been done in studying the properties of existing DFB lasers, employing

new materials and designing new structures to improve the performance in high speed

communication systems.

Techniques in DFB laser simulation includes 2D and 3D physical base behav-

ior modeling which are more precise and provide high accuracy to the physics of

the device.[10][11][12][13] However, the drawback of these methods are also manifest.

Since these methods focus on the detail physics and structures of the device, thus, the

use of memory and the amount of time that consumed by these methods are not ac-

ceptable for the system-wide simulation. There are some fine detail that is generated

by these method are not significant in the entire system simulation. Thus, the use of

transmitter simulation tool need to be simply enough that take less computational

6
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power but also representing the main functionality of the laser.

The operating characteristics of semiconductor lasers are well described by a set of

rate equations that govern the interaction of photons and electrons inside the active

region. Zero dimensional (0-D) semiconductor rate equation methods are used for the

purpose of fiber-optical communication system simulations. The simple yet accurate

enough model is highly demanded for modeling the DFB laser as a light-wave source in

a communication system. Behavior models for laser diodes have been very successful

for efficient and accurate simulation of system performance of laser diodes with proper

choice of model parameters. The single mode rate equation model is one behavior

model very suitable to model the DFB laser with the advantages of simplicity, fast

and accurate, etc.

1.4 Extraction of Semiconductor Laser Rate Equa-

tion Parameters

To estimate the performance of light-wave communication system, a rate equation

description of the semiconductor laser is often used. Thus, the accuracy of semi-

conductor laser rate equation parameters is important for simulation of large system

before depletion. Unfortunately, the information provide by the laser manufacture

is often insufficient.Therefore, the extraction of semiconductor laser rate equation

parameters is required[14][15].

In this thesis, few experimental methods has been introduced to extract DFB

semiconductor rate equation parameters. As well as compared simulation result to

experiment. In chapter two, the 0-D DFB laser rate equation mode is introduced along

7
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with simulation result. The Parameter extraction methods and the experiments of

0D rate equation model for DFB are introduce in chapter three. In chapter four,

a new method has been proposed to extract line-width enhancement factor (the α

parameter).The conclusion and future work has been summarized in chapter five.

My contributions are:

1. Perform semiconductor laser rate equation parameters extraction experiment

with a group of devices and observe their property.

2. Purpose a new method to extract line-width enhancement factor which is

suitable to extract parameters for laser that is lasing at 1310nm.

8



Chapter 2

Zero Dimensional for DFB
Semiconductor Laser Rate
Equations and Simulation

The DFB laser is one of the key components in light-wave communication sys-

tems. The single mode property of the DFB laser significantly reduced the chromatic

dispersion of light-wave signal in the optical fiber compared with the multi-mode

lasers such as the Fabry-Perot laser. Due to the low dispersion characteristic, the

DFB lasers are widely used in the long haul communication. It has attached a lot of

attentions from researches in these years. A lot of works have been done in studying

the properties of existing DFB lasers, employing new materials and designing new

structures to improve the performance in high speed communication systems..Of all

methods, Zero dimensional (0-D) semiconductor rate equation methods are used for

the purpose of fiber-optical communication system simulations. The simple yet ac-

curate enough model is highly demanded for modeling the DFB laser as a light-wave

source in a communication system. Behavior models for laser diodes have been very

successful for efficient and accurate simulation of system performance of laser diodes

with proper choice of model parameters. The single mode rate equation model is

9
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one behavior model very suitable to model the DFB laser with the advantages of

simplicity, fast and accurate, etc.

In this chapter, semiconductor laser rate equations of various type are introduced,

as well as simulation of DFB laser based on 0D laser rate equations. In section 2.1

and 2.2, semiconductor laser rate equations of various type and their parameters are

introduced. In section 2.3, the formulation for optical power is derived. In section 2.4,

the steady state power versus injection current relationship is derived. In section 2.5,

introduced the turn on delay formula is derived. In section 2.6, the small signal

intensive modulation formula is derived. And in section 2.7, the formula of small

signal intensive modulation through dispersive fiber is derived.

2.1 Large signal single mode rate equations

The large signal single mode rate equations are a set of coupled ordinary differential

equations that described relationship between carrier density N and photon density

S are written as the following form[16][17][18]:

dN(t)

dt
=

I(t)

qVact
− N(t)

τc
− g0

N(t)−N0

1 + εS(t)
S(t) , (2.1)

dS(t)

dt
= Γg0

N(t)−N0

1 + εS(t)
S(t)− S(t)

τp
+

ΓβspN(t)

τc
. (2.2)

In addition, the phase and optical power are described as:

dφ(t)

dt
=
α

2

(
Γg0(N(t)−N0)− 1

τp

)
(2.3)

10
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Table 2.1: List of parameters to be extracted

Γ mode confinement factor
N0 Carrier density at transparency
τp photon life time
βsp fraction of spontaneous emission coupled into lasing mode
τc carrier lifetime
Vact active layer volume
g0 gain slope constant
ε gain compression factor
η differential quantum efficiency
α line-width enhancement factor

and

p(t) =
S(t)V ηhν

2Γτp
. (2.4)

The above model is used for single mode laser for system simulation purposes [19].

Note that in some paper 1
1+εS(t)

, the gain compression term, maybe substituted with

1 + εS(t) or 1
1+εS(t)(1/2)

. However, 1
1+εS(t)

agrees best with numerical solutions when

more comprehensive models even for large photon density. And for small photon

densities, all forms appear to be identical [20]. The gain slope constant is given by

g0 = vga0, where vg is the group velocity. Table 2.1 lists these parameters to be

extracted.

2.2 Alternative form of rate equations

Alternatively, the rate equation can be written as:

dN(t)

dt
=
ηiI(t)

qVact
−Rsp − vga0

N(t)−Nt

1 + εS(t)
S(t) , (2.5)

11
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dS(t)

dt
= Γvga0

N(t)−Nt

1 + εS(t)
S(t)− S(t)

τp
+

ΓβBN(t)2

τn
. (2.6)

where the carrier recombination rate is modeled as:

Rsp = AN(t) +BN(t)2 + CN(t)3 (2.7)

in stand of
N(t)

τn
[21], where A is the non-radiative recombination coefficient, B is

radioactive recombination coefficient, C is Auger recombination coefficient and ηi is

quantum efficiency

2.3 Derivations of optical power

In the laser cavity, the photons lose in two ways due to the internal loss and the

mirror loss. The internal loss is caused by the light material interaction. The mirror

loss is expressed by

αmirr =
1

2L
ln

(
1

R1R2

)
(2.8)

with L as length of the cavity and R1 , R2 as the reflectivity of the left and right facet,

respectively. The photon lifetime is determined by the cavity loss and the mirror loss

as

τp = (vg(αin + αmirr))
−1 =

(
vg

(
αin +

1

2L
ln

(
1

R1R2

)))−1

(2.9)

where vg is the group velocity of light in the cavity; αin and αmirr are the internal

loss and mirror loss, respectively.

The laser diodes only lase when the injection current is larger than a threshold

current. Before the threshold, the carriers will accumulate in the laser cavity but no

12
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light comes out. An expression for the threshold current can be derived from the rate

equation (2.1) and (2.2).At threshold or in steady-state, both
dN(t)

dt
and

dS(t)

dt
are

zero, yet photon density is zero, (2.1) can be simplify to

Ith
qVact

− Nth

τc
= 0 (2.10)

where Ith is the threshold current and Nth is the threshold carrier density.

By rearranging the above equation (2.10), one obtains

Ith =
qVact
τc

Nth . (2.11)

Equation (2.2) can also be simplified by neglecting the spontaneous emission

(
Γg0(Nth −N0)

1 + εS
− 1

τp

)
S = 0 , (2.12)

which can be rearranged to

Nth = N0 +
1 + εS

τpΓg0

(2.13)

At the threshold, the photon density is very small. Therefore εS can be neglected,

Nth = N0 +
1

τpΓg0

. (2.14)

Substituting (2.14) into (2.11) , the threshold current is derived as

Ith =
qVact
τc

(
N0 +

1

τpΓg0

)
, (2.15)

when the threshold current is known, the photon density above the threshold can be

13
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calculated by a simple expression containing the injection current and the threshold

current. Because, above the threshold, the carrier density is locked at threshold

current, and the spontaneous emission can be neglected, the carrier and photon rate

equations can be simplified as

I

qV
− Nth

τc
− g0(N −N0)

1 + εS
S = 0 , (2.16)

Γg0(N −N0)

1 + εS
S − S

τp
. (2.17)

By rearrange equation (2.17)

Γg0(N −N0)

1 + εS
S =

S

τp
(2.18)

substituted (2.18) and (2.11) into (2.16) yield:

I

qVact
− Ith
qVact

− S

Γτp
= 0 . (2.19)

Therefore, by rearranging the above equation, the photon density above threshold

is expressed by:

S =
Γτp
qVact

(I − Ith) . (2.20)

The output power from the two facets of a laser diode is related with the photo

density in the cavity by the equation:

P = E × vg × n× αmirr , (2.21)

where E is Photon energy which can be expressed as ηhv; Photon speed as vg; n

14
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is photon number and express as: S × Vact
Γ

and mirror loss as αmirr.Therefore, the

output power can be expressed as:

P (t) = ηhv × vg ×
(
S × Vact

Γ

)
× αmirr

= ηhv × vg ×
Vact
Γ
× 1

2L
ln

(
1

R1R2

)
× S , (2.22)

where h is the Planck’s constant , v is the light-wave frequency and η is the differential

quantum efficiency.

In most cases, the internal loss is far smaller than that of mirror loss, which means,

αin can be neglected. Then (2.9) can be reduce to:

1

τp
= vg × αmirr . (2.23)

Then, substitute (2.9) into (2.22), output power can be expressed as:

P (t) =
ηhvVact

Γτp
S =

ηhcVact
Γτpλ

S , (2.24)

where λ is the light-wave wavelength By substitute (2.20) into (2.24), the above

threshold output power is expressed as a function of biased current:

P (t) =
ηhc

qλ
(I − Ith) . (2.25)

If the two facets have the same reflection coefficient, output power from each facet

is given by

Pleft = Pright =
ηhcVact
2Γτpλ

S (2.26)

15
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or otherwise

P = Pleft + Pright =
hcvgVactS

2LλΓ
ln

(
1

R1

)
+
hcvgVactS

2LλΓ
ln

(
1

R2

)
. (2.27)

2.4 Steady-state power versus injection current

The output power has been derived as a function of injection current at equa-

tion (2.25). However, that equation only is valid when the injection current is larger

than the threshold current. A more rigorous expression for the steady-state output

power can be derived from the rate equations by considering the spontaneous emis-

sion contribution.By setting the time derivation in equations (2.1) and (2.2), the

steady-state solution can be obtained by

I

qVact
− N

τc
+
g0(N −N0)

1 + εS
S = 0 , (2.28)

Γg0(N −N0)

1 + εS
S − S

τp
+

ΓβspN

τc
= 0 . (2.29)

At threshold, the gain balances the losses, spontaneous emission term vanishes

from the steady state photon equation (2.29), one obtains

Γg0(Nth −N0)

1 + εS
=

1

τp
. (2.30)

Since εS is quite small at threshold, it can be neglected in the above equation as

Γg0(Nth −N0) =
1

τp
, (2.31)

16
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therefore, the threshold carrier density is derived as

Nth = N0 +
1

Γg0τp
. (2.32)

At threshold, the photon density is small and can be neglected, equation (2.28)

can be rewritten as

Ith
qVact

− Nth

τc
= 0 . (2.33)

The threshold current can be obtained by rearranging the above equation and

substituting equation (2.32),

Ith =
qVact
τc

Nth =
qVact
τc

(
N0 +

1

Γg0τp

)
. (2.34)

By substituting steady state photon equation (2.29) into the steady state carrier

equation (2.28) and rearrange, yield:

S =
ΓIτp
qVact

− τp
τc

(1− βsp)ΓN , (2.35)

then rearrange (2.28) and solve for the carrier density N as:

N =
Γg0N0 + 1

τp

Γg0 + Γβsp
τc

1+εS
S

=
Nth

1 + βsp
g0τc

1+εS
S

. (2.36)

By Substituting the above equation in (2.35),yield:

S =
ΓIτp
qVact

− τp
τc

(1− βsp)Γ
Nth

1 + βsp
g0τc

1+εS
S

(2.37)

17
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then substitute (2.34) into the above equation and rearrange it as following:

qVactβsp
g0τcτpΓ

+
qVact
τp

(
1 +

βspε

g0τc

)
S

Γ
=

(
1 +

εβsp
g0τc

)
I +

Γ

S

βsp
g0τc

I − (1− βsp)Ith . (2.38)

By defining the leaky current as

IS =
qVactβsp
g0τcτpΓ

, (2.39)

(2.38) can be rearranged as:

IS +

(
1 +

βspε

g0τc

)
qVact
τp

S

Γ
=

(
1 +

βspε

g0τc

)
I +

Γ
qVact
τp
S
ISI − (1− βsp)Ith . (2.40)

Because βspε

g0τc
� 1 and βsp � 1 the above equation can be simplified as

(
qVact
Γτp

S

)2

− (I − IS − Ith)
qVact
Γτp

S − IS I = 0 . (2.41)

By substituting equation (2.24) into (2.41), the equation for output power is

express as (
2qλ

ηhc
P

)2

− (I − IS − Ith)
(

2qλ

ηhc
P

)
− IS I = 0 (2.42)

and (2.42) can be simplified as

(FP )2 − (I − IS − Ith)FP − IS I = 0 (2.43)

and

F =
2qλ

ηhc
(2.44)
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Figure 2.1: Optical power(mW) versus bias current(mA) characteristics

2.5 Turn-on delay

No laser diode that lase instantly when the injection current is applied. When a

laser diode is biased with a certain current, the carriers are accumulated in the active

region. The spontaneous emission dominates at this stage and the laser does not lase.

When the carrier density reaches a certain level at which the population inversion

happens, the stimulated emission dominates and the laser starts lasing. When the

carrier density is further accumulated to a higher level , the photons are able to

overcome the absorptions in the cavity and emitted from the facets. The interval
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Figure 2.2: Optical power(dBm) versus bias current(mA) characteristics

from the injection current applied to the lasing power going out from the laser diode

called turn-on delay.

The turn-on delay can be derived from the rate equation model.Before the thresh-

old current is reached, the photon density is neglected. Equation (2.1) becomes

dN

dt
=

I

qVact
− N

τc
. (2.45)

If the current is switched on at t = 0 with carrier density N = Ninit, which is

the initial carrier density, and turned on at t = ts with carrier density N = Nth, by
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integrating over the carrier accumulated, the turn-on delay is

ts = qVact

∫ Nth

Ninit

(
I − qVact

N

τc

)−1

dN , (2.46)

by replacing the carrier density with the injection current, the turn-on delay is de-

scribed as:

ts = τc ln

(
I − Iinit
I − Ith

)
(2.47)

Therefore, turn-on delay can be viewed as the time period of increasing current

from the initial value Iinit to value I that is greater than the threshold current Ith .

2.6 Small signal intensity modulation response

The intensity modulation response is one of the most important characteristics

indicating how fast a laser diode can be modulated in the light-wave communica-

tion system[22]. When the modulation amplitude is small, the rate equations can

be linearized and an analytical solution of the laser diode transfer function can be

obtained. By setting the time derivations to zero in the rate equations (2.1) and (2.2),

the steady-state solution can be obtained as

0 =
I(t)

qVact
− N(t)

τc
− g0

N(t)−N0

1 + εS(t)
S(t) (2.48)

and

0 = Γg0
N(t)−N0

1 + εS(t)
S(t)− S(t)

τp
+

ΓβspN(t)

τc
. (2.49)
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When the small modulation current is applied, the laser diode is working at

the above threshold situation in which the spontaneous emission can be neglected.

Therefore the photon density can be derived as:

S =
τpΓ

qVact
(I − Ith) . (2.50)

Assume that the laser is biased above threshold with a current I0 , resulting in

a photon density S0. A small signal modulation ∆I(t) is added to the bias current.

The total injection current is

I(t) = I0 + ∆I(t) . (2.51)

The photon density is expected to deviate from their steady states according to

S(t) = S0 + ∆S(t) . (2.52)

The carrier density is expected to deviate from their steady states according to

N(t) = N0 + ∆N(t) . (2.53)

To linearize the rate equations, the Taylor series expansion on the optical gain is

performed around the biasing point as

g (N,S) = g (N0, S0) +
∂g

∂N
∆N +

∂g

∂S
∆S + ... (2.54)
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then, substitute (2.51), (2.51), (2.51) and (2.54) into rate equation (2.1) and (2.2):

d∆N

dt
=

∆I

qVact
−
(

1

τc
+

∂g

∂N
S0

)
∆N −

(
g0 +

∂g

∂S
S0

)
∆S (2.55)

and

d∆S

dt
=

(
Γg0 + Γ

∂g

∂S
S0 −

1

τp

)
∆S +

(
Γ
∂g

∂N
S0 +

βsp
τc

Γ

)
∆N . (2.56)

For a laser diode working at above threshold, the spontaneous emission and gain

saturation can be neglected, which:

Γg0 −
1

τp
= −βspN0

S0τc
≈ 0 (2.57)

and

Γ
∂g

∂S
S0 ≈ 0 , (2.58)

substitute the above approximations (2.57) and (2.57) into (2.56) and obtain

d∆S

dt
=

(
Γ
∂g

∂N
S0

)
∆N . (2.59)

By substituting (2.57) into (2.55) to have:

d

dt
∆N =

∆I

qVact
−
(

1

τc
+

∂g

∂N
S0

)
∆N − 1

Γτp
∆S . (2.60)

The current driving the laser varies as sinusoidal function with angular frequency

Ω and amplitude ∆Ĩ (Ω) , the variations of current, photon and carrier numbers can

be written as

∆I (t) = <
{

∆Ĩ (Ω) exp (jΩt)
}
, (2.61)
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∆N (t) = <
{

∆Ñ (Ω) exp (jΩt)
}

(2.62)

and

∆S (t) = <
{

∆S̃ (Ω) exp (jΩt)
}

(2.63)

By substituting the above equations into (2.59), one gets

jΩ∆S̃ =

(
Γ
∂g

∂N
S0

)
∆Ñ . (2.64)

Similarly, the carrier rate equation is given by

jΩ∆Ñ =
∆Ĩ

qVact
−
(

1

τc
+

∂g

∂N
S0

)
∆Ñ − 1

Γτp
∆S̃ . (2.65)

Rearranging (2.64) and express ∆Ñ as:

∆Ñ =
jΩ∆S̃

Γ ∂g
∂N
S0

, (2.66)

then, substitute ∆Ñ expression into (2.65), one has

∆Ĩ

qVact
=

( 1

τc
+

∂g

∂N
S0 + jΩ

)
jΩ

Γ ∂g
∂N

S0

τp
τp

+
1

Γτp

∆S̃ . (2.67)

By defining the relaxation oscillation frequency

ΩR =

(
∂g
∂N
S0

τp

)1/2

=

(
Γ ∂g
∂N

(I − Ith)
qVact

)1/2

=

(
Γg0 (I − Ith)

qVact

)1/2

(2.68)
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and the relaxation damping factor

ΓR =
1

2

(
1

τc
+

∂g

∂N
S0

)
=

1

2

(
1

τc
+
g0Γτp
qVact

(I − Ith)
)

=
1

2

(
1

τc
+ τpΩR

2

)
(2.69)

equation (2.67) can be simplified to

∆Ĩ

qVact
=

[
(2ΓR + jΩ)

jΩ

ΓΩ2
Rτp

+
1

Γτp

]
∆S̃ , (2.70)

therefore, ∆S̃ (Ω) can be obtained easily from the above equation as

∆S̃ (Ω) =

Γτp
qVact

Ω2
R

2jΓRΩ + Ω2
R − Ω2

∆Ĩ (Ω) . (2.71)

By substituting S (0) = Γτp
qVact

[I (0)− Ith],which from equation (2.50), into the above

equation, a clear relationship between the input current and the output photons is

derived as

∆S̃ (Ω)

S̃ (0)
=

Ω2
R

2jΓRΩ + Ω2
R − Ω2

∆Ĩ (Ω)

Ĩ (0)
. (2.72)

The transfer function of this laser diode under the small signal modulation is

obtained as

H(Ω) =
Ω2
R

(Ω2
R − Ω2) + 2jΓRΩ

(2.73)

and the magnitude of this transfer function can be express as:

|H (Ω)| = Ω2
R√

(2ΓRΩ)2 + (Ω2
R − Ω2)

2
. (2.74)
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The output power response is expressed as

∆P (f) =
V ηhc

2Γτpλ
∆S =

V ηhc

2Γτpλ
H (f)

(
Γτp
qV

)
∆I =

ηhc∆I

2qλ
H (f) . (2.75)

The simulation results of the small signal intensity modulation responses of a DFB

Figure 2.3: Small signal intensity modulation responses of a DFB laser at different
biased currents.

laser at different biased currents are given in Figure 2.3. The relaxation oscillation

frequency is located at the peak of the response curve. It shows that with the increase

of biased current, the relaxation oscillation frequency shifts to higher level. The
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relative response can be obtained by subtract the response at a lower biased current

from the ones biased at higher biased currents[23][24].

The relative intensity modulation response is given by

∆H (f) = 10 log

∣∣∣∣ H (Ω,ΩR,ΓR)

H (Ω,ΩR0,ΓR0)

∣∣∣∣ . (2.76)

The small signal intensity modulation responses of a DFB laser relative to the

response of 20mA biased current is shown in Figure 2.4

Figure 2.4: Small signal intensity modulation responses of a DFB laser at different
biased currents relative to 20mA bias current.
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2.7 Small signal response through dispersive opti-

cal fiber

The light-wave signal generated by a DFB laser is not purely monochromatic. The

spectrum of the output signal is located at a central frequency and has a certain line-

width from several kilo-Hz to a couple of mega-Hz. While the DFB laser is directly

modulated with injection current, the central frequency of the light-wave changes with

the output power. This is called frequency chirping. The frequency chirping property

causes the line-width of the light-wave even larger when the laser diode is modulated.

When passing the chirped light-wave through a dispersive optical fiber, the carried

signal is distorted and the output power through the optical fiber is affected. The

small signal intensity modulation response is important to study the performance of

a laser diode in an optical fiber system.

The input signal to the optical fiber is directly modulated laser diode with intensity

modulation characteristic as:

∆Sin (jω) =

(
τp
q

)
H (jω) ∆I (jω) , (2.77)

where

H (jω) =
ω2
R

(jω)2 + 2jΓRω + ω2
R

. (2.78)

The intensity modulation at the output of fiber is given by

∆Sout (jω) =
[
cos
(
FDω

2
)
− α

(
1− j ωc

ω

)
sin
(
FDω

2
)]
·
(
τp
q

)
H (jω) ∆I (jω) ,

(2.79)
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where the optical fiber transfer function is given by

Hfiber,dB = ∆Pfiber,dB −∆PLD,dBm

= 10× log
[
cos
(
FDω

2
)
− α

(
1− j ωc

ω

)
sin
(
FDω

2
)]

. (2.80)

The parameters are

FD =
λ2DLfibre

4πc
(2.81)

and

ωc =
εΓ

eV
(I − Ith) , (2.82)

with D is the dispersion coefficient and Lfiber is the length of the fiber.

The simulation results of the transfer function of an optical fiber are shown in

Figure 2.5.
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Figure 2.5: Small signal intensity modulation responses of a DFB laser through dis-
persive optical fiber at different biased currents
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Chapter 3

Parameter Extraction Methods
and Experiments

In this chapter, three parameter extraction experiments and the theory behind

them will be introduced. In section 3.1, the measurement of steady-state optical

power versus injection current is introduced and extraction experiment is also per-

formed. In section 3.2, the measurement of small signal intensive modulation response

is introduced and extraction experiment is also performed. In section 3.3,the mea-

surement of small signal intensive modulation response through dispersive fiber is

introduced and extraction experiment is also performed. The turn-on delay is a can-

didate of parameter extraction method that was introduced in section 2.5, however,

this method is not every practically to perform in actual experiment. So turn-on

delay measurement will not be used and not performed here. Section 3.4 shows the

statistics of the experimental data. Finally in section 3.5 convert the experimental

data to the actual parameters.
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3.1 The steady-state power versus injection cur-

rent measurement

In section 2.4, the steady-state laser output power versus its injection current rela-

tionship has been established, as shown in equation (2.43). By solve equation (2.43)

and express output power in dBm, the following equation will be used in extraction

of parameters

PdBm = 10 log

(
I − Ith − IS +

√
(I − Ith − IS)2 + 4IS I

2F
/1mW

)
(3.1)

with three defined parameters as:

Ith =
qVact
τc

Nth =
qVact
τc

(
N0 +

1

Γg0τp

)
, (3.2)

IS =
qVactβsp
g0τcτpΓ

, (3.3)

F =
2qλ

ηhc
. (3.4)

The reason that power is expressed in dBm is to make the data easy to analyze,

as the power reading from the following setup are in dBm.

Experimental setup and result

This experimental is setup as the following: semiconductor laser is powered

by power supply ILXLightwave LDC-3900 modular laser diode controller and the

optical power is measured through Anritsu MT9810 Optical Test Set with Mod-

ula MU931421A Optical Sensor. Semiconductor lasers are mounted on THORLABS
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LM9LP mount, then connect to the power supply. Both power supply and optical

power sensors are communicated through GPIB ports to the controlling PC, and an

automation software have been developed to control the instruments and analysis the

result. The setup schematic is show in Figure 3.1:

Figure 3.1: The schematic of Steady-State Optical power versus Injection current
experiment.

Each semiconductor laser is test for 10 times with the same setup, and result of this

individual laser is then averaged. The curve fitting process is utilize the least square

error fitting method and one result of FU-650SDF-FW41M15 (made by Mitsubishi)

single mode 1550nm DFB laser is shown as Figure 3.2 and Figure 3.3 with power in

mW and dBm respectively:
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Figure 3.2: Steady state measurements of semiconductor laser (FU-650SDF-
FW41M15) power (in mW) versus bias current (in mA), where the square representing
the experimental data and line representing the line of best fit.
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Figure 3.3: Steady state measurements of semiconductor laser (FU-650SDF-
FW41M15) power (in dBm) versus bias current (in mA), where the square repre-
senting the experimental data and line representing the line of best fit.
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For this particular laser FU-650SDF-FW41M15-J11808, the steady-state power

versus injection current measurement has been performed for 10 times and the re-

sulting curve has been curve fitted, the table 3.1 shows the experimental results and

their averages.

The table above shows that the results from individual trails are fluctuated; that is

the reason of performing same experiment for 10 times, averaging of the experimental

result will help reduce the error between different trail and granting more accurate

parameters for this particular experiment.

3.2 Small signal intensity modulation response mea-

surement

As of section 2.6, the transfer function of this laser diode under the small signal

modulation is obtained as[25]

H(Ω) =
Ω2
R

(Ω2
R − Ω2) + 2jΓRΩ

(3.5)

and the magnitude of this transfer function can be express as:

|H (Ω)| = Ω2
R√

(2ΓRΩ)2 + (Ω2
R − Ω2)

2
. (3.6)

The output power response is expressed as

∆P (f) =
V ηhc

2Γτpλ
∆S =

V ηhc

2Γτpλ
H (f)

(
Γτp
qV

)
∆I =

ηhc∆I

2qλ
H (f) . (3.7)
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Table 3.1: Experimental result of steady-state power versus injection current.

F (J/s) Ith(mA) IS(µA)
1 19.6860 9.76 13.5
2 19.9725 9.6 12.6
3 19.9725 9.68 10.8
4 19.686 9.6 11.7
5 20.259 9.68 12.6
6 19.686 9.76 11.7
7 20.259 9.6 12.6
8 19.686 9.6 10.8
9 19.686 9.68 12.6
10 19.3995 9.76 10.8

Average 19.82925 9.672 11.9709

The simulation results of the small signal intensity modulation responses of

a DFB laser at different biased currents are given in Figure 2.3. The relaxation

oscillation frequency is located at the peak of the response curve. It shows that with

the increase of biased current, the relaxation oscillation frequency shifts to higher

level. The relative response can be obtained by subtract the response at a lower

biased current from the ones biased at higher biased currents.

The relative intensity modulation response is given by

∆H (f) = 10 log

∣∣∣∣ H (Ω,ΩR,ΓR)

H (Ω,ΩR0,ΓR0)

∣∣∣∣ . (3.8)

The introduction of this relative intensity modulation response techniqueis im-

portant that it almost eliminates any limitations that could arise from the mounting

fixture and the packaging of the laser, in addition to relaxing the requirements for

accurate calibration of the experimental setup.[26][27]
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Experimental setup and result

Figure 3.4: The schematic of small signal intensity modulation response experiment.

This experimental is setup as the following: semiconductor laser is powered by

power supply ILXLightwave LDC-3900 modular laser diode controller and the small

signal intensity modulation response is measured through Agilent 8703B Lightwave

Component Analyzer. The current of the laser diode is directly modulated by an RF

signal. The light-wave component analyzer modulate and sweep the frequency of all

available bandwidth of the analyzer to the laser and measure the output power at

each frequency in order to plot the small signal intensity modulation response with

repeat at several bias currents. The Semiconductor lasers are mounted on THOR-

LABS LM9LP mount and connect with the modulation signal from the Agilent 873B

Lightwave Component Analyzer, and the THORLABS LM9LP mount also connect

to the power supply. Both power supply and lightwave component analyzer are com-

municated through GPIB ports to the controlling PC, and an automation software
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have been developed to control the instruments and analysis the result. The col-

lected data are in the form of different response curve at different bias curve. And as

the discussion of section 3.2, the relative intensity modulation technique is applied.

Therefore, the collected data curve from the instrument will be processed to generate

a relative power curve: the original data subtract the minimum biased current data

to yield the relative curve.

The experimental result of small signal intensity modulation response curve on

one of the FU-650SDF-FW41M15 under different bias currents is shown in Figure 3.5
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Figure 3.5: The experimental result of small signal IM response curve under different
bias current with FU-650SDF-FW41M15 semiconductor DFB laser.

As it can be seen that this curve is close to the simulation result in terms of its

shape, however, going under a lot of distortions.
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Figure 3.6: The experimental result of relative small signal IM response curve under
different bias current with FU-650SDF-FW41M15 semiconductor DFB laser.

As discussed earlier in this section, these are due to the limitations that arise from

the mounting fixture and the packaging of the laser. Therefore, the further process of

the data require the relative intensity modulation response, which in my experiment

that subtract all curve in Figure 3.5 with a base response curve, that has been picked

as the 20mA response curve, and yield the following relative intensity modulation

response curve in Figure 3.6
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In particular, we are interested in the 1st curve that can be used to fit the pa-

rameters ΩR, ΓR, ΩR0 and ΓR0 , where ΩR and ΩR0 corresponding to the relaxation

oscillation frequency of the laser under 24mA and 20mA bias current respectively;

ΓR,ΓR0 corresponding to the damping factor of the laser under 24mA and 20mA bias

current respectively. This particular interested curve is re-plotted as in Figure 3.7.

And Figure 3.7 will be used in a fitting software that utilizes the least square error

fitting method and the fitting curve is shown as in Figure 3.8

Figure 3.7: The experimental result of relative small signal IM response curve under
24mA bias current with FU-650SDF-FW41M15 semiconductor DFB laser.
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Figure 3.8: Curve fitting of experimental result of relative small signal IM response
curve under 24mA bias current with FU-650SDF-FW41M15 semiconductor DFB
laser.

Note: the the actual experiment, the result of frequencies are all measured in Hz

rather than rad/s

For this particular laser FU-650SDF-FW41M15-J11808, the Small Signal Intensity

Modulation Response Measurement has been performed for 10 times and the resulted

curve has been curve fitted, table 3.2 shows the experimental results and their averages

Similar to the steady-state power versus injection current experiment, the results

from individual trails are fluctuated, that is the reason of performing same experiment
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Table 3.2: Experimental result of small signal intensity modulation response.

fR0(GHz) γR0(GHz) fR(GHz) γR(GHz)
1 7.3153315 9.38 9.195 12.39
2 7.3153315 9.14 9.11 12.32
3 7.3153315 9.26 9.195 12.46
4 7.3153315 9.14 9.195 12.425
5 7.3153315 9.38 9.11 12.11
6 7.3153315 9.34 9.195 12.495
7 7.3153315 9.38 9.195 12.425
8 7.3153315 9.14 9.11 11.9
9 7.3153315 9.14 9.11 12.04
10 7.3153315 9.18 9.11 12.75

Average 7.3153315 9.24 9.1525 12.264

for 10 times, averaging of the experimental result will help reduce the error between

different trail and granting more accurate parameters for this particular experiment.

3.3 Measurement of small signal response through

dispersive optical fiber

In section 2.7, the small signal response of semiconductor laser through dispersive

optical fiber is studied with the following relationship that can be used to extract

parameters

Hfiber,dB = ∆Pfiber,dB −∆PLD,dBm

= 10× log
[
cos
(
FDω

2
)
− α

(
1− j ωc

ω

)
sin
(
FDω

2
)]

(3.9)
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with parameters

FD =
λ2DLfibre

4πc
(3.10)

and

ωc =
εΓ

eV
(I − Ith) (3.11)

where D is the fiber chromatic dispersion and Lfiber is the length of the fiber[28].

Experimental setup and result

This experimental is setup as the following: semiconductor laser is powered by

power supply ILXLightwave LDC-3900 modular laser diode controller and the small

signal intensity modulation response is measured through Agilent 8703B Lightwave

Component Analyzer. The current of the laser diode is directly modulated by an RF

signal. The light-wave component analyzer modulate and sweep the frequency of all

available bandwidth of the analyzer to the laser and measure the output power at

each frequency in order to plot the small signal intensity modulation response with

repeat at several bias currents. The Semiconductor lasers are mounted on THOR-

LABS LM9LP mount and connect with the modulation signal from the Agilent 873B

Lightwave Component Analyzer, and the THORLABS LM9LP mount also connect

to the power supply. Both power supply and lightwave component analyzer are com-

municated through GPIB ports to the controlling PC, and an automation software

have been developed to control the instruments and analysis the result. The collected

data are in the form of different response curve at different bias curve.

Due to equation (3.9), the experiment consists of two parts: In part one, with no

long fiber conditions that small signal IM response curve is measured directly. In part
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two, an extra SMF-28 fiber with length of 25.3 km is connected to the laser before it

attach to the optical component analyzer. The schematic of part one is the same as

the Small signal Intensity Modulation from last section as show in Figure 3.4. The

part two schematic is shown in Figure 3.9

Figure 3.9: The schematic of small signal intensity modulation response through
dispersive fiber experiment.
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Figure 3.10: The part one of small signal IM response through dispersive fiber at two
different bias current.

The result of part one for one of DFB laser FU-650SDF-FW41M15 is shown as in

Figure 3.10

The result of part two for the same laser is shown in Figure 3.11
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Figure 3.11: The part two of small signal IM response through dispersive fiber at two
different bias current.

In term of processing of the data, the difference of the curve from the above figures

(Figure 3.10 and Figure 3.11 ) are plotted, Note that due to the extra piece of fiber

are attached, there are expected loss of the fiber and the extra connectors loss. The

connector loss are around 1dBm loss per connector. To compensate for this loss and

making the following fitting process easy, the curve will be bring up to start at zero

dB, as the equation (3.9) equals to zero at low frequency and increase slowly at the

low frequency. The difference curve is shown as in Figure 3.12
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Figure 3.12: The small signal IM response through dispersive fiber difference curve
at bias current of 20mA.

Finally, the Figure 3.12 is fitted through least square error fitting method, and

the fitted curve is shown in Figure 3.13
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Figure 3.13: Curve fitting of small signal IM response through dispersive fiber differ-
ence curve at bias current of 20mA.

For this particular laser FU-650SDF-FW41M15-J11808, the Small Signal Re-

sponse through Dispersive Optical Fiber measurement has been performed for 10

times and the resulting curve has been curve fitted, table 3.3 shows the experimental

results and their averages.

As from the table above that the results from individual trails are fluctuated,

that is the reason of performing same experiment for 10 times, averaging of the

experimental result will help reduce the error between different trail and granting

more accurate parameters for this particular experiment.
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Table 3.3: Experimental result of small signal intensity modulation response through
dispersive fiber.

α fc(GHz) FD(1× 10−22Hz)
1 2.34 0.475 1.55
2 2.44 0.475 1.50
3 2.36 0.51 1.55
4 2.4 0.51 1.53
5 2.4 0.51 1.53
6 2.4 0.51 1.53
7 2.4 0.51 1.53
8 2.4 0.51 1.53
9 2.4 0.51 1.53
10 2.36 0.545 1.55

Average 2.39 0.5065 1.53

3.4 Statistics of Experimental Data

There are totally 20 samples of semiconductor DFB lasers tested under experiment.

They are all of the same model ( FU-650SDF-FW41M15) and purchased together from

the manufacture, Mitsubishi.

Each sample has been tested under the same conditions for 10 times and the

average has been take into account in the following analysis.
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Figure 3.14: the statistics of F parameter

Figure 3.15: the statistics of Ith parameter
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Figure 3.16: the statistics of IS parameter

Figure 3.17: the statistics of fR0 parameter
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Figure 3.18: the statistics of ΓR0 parameter

Figure 3.19: the statistics of fR parameter
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Figure 3.20: the statistics of ΓR parameter

Figure 3.21: the statistics of α parameter
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Figure 3.22: the statistics of fc parameter

Figure 3.23: the statistics of λ parameter
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All diagram above shows a Gaussian (normal) distribution trend. The reason for

imperfection of the statistics are due to the relative small sample size. With large

sample size, these experimental data can be used as pre-knowledge of certain type of

DFB laser, thus bring the following advantage :

1. A better initial value range for curve fitting process. Since the software that

was developed for curve fitting utilize the least square error method, so the initial

guess to be used are very important in terms of extraction process efficiency. With

enough sampling, these initial value ranges can be utilized to speed up the extraction

process.

2. A even better situation, with large amount of data, one can give a good

approximation of DFB laser rate equation parameters without actually performing

the experiment, when the type of DFB laser is known.

3.5 Calculation of the rate equation parameters

from experimental data

By far, the parameters extracted from these experiments data introduced above

are: F , Ith, IS, ΩR0, ΓR0,ΩR, ΓR α, FD and ωc. In this section, these experimental

parameters will be calculated to yield the rate equation parameters.

The first step is using equations (2.44). with value of q = 1.6021 × 10−19 C,

h = 6.625 × 10−34 J · S, c = 2.997925 × 108 m/s, the measured wavelength of this

particular laser is λ = 1.54841 × 10−6m and the measured F = 19.82925J/s. By

substitute all these values into (2.44), yield the parameter η = 0.125977402.

The second step is to using equation (2.68). The value of Γ and Vact can be
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assumed, they are in fact dummy parameters and their selection will not affect the

results for the calculation of the output field from the direct modulated DFB lasers.

The value to be picked for these two parameters are Γ = 0.1 and Vact = 3× 10−17m3

from article of publication [29]. Other parameters are q = 1.6021 × 10−19 C , I =

0.02 A, Ith = 0.009672 A, ΩR0 = 7.3153315 × 109 × 2π rad/s. The value of g0

can be calculated by substitute above values into (2.68), which g0 = 9.831559349 ×

10−12m3/s ≈ 9.8316× 10−12m3/s

The third step is to utilize equation (2.82). The value of each know coefficients

are ωc = 5.065× 108× 2πrad/s, q = 1.6021× 10−19 C , I = 0.02 A, Ith = 0.009672 A,

Γ = 0.1 and Vact = 3×10−17m3 , then the value of ε is calculated as ε = 1.480996267×

10−23m3.

The fourth step is to use equation (2.69). Here, both ΩR and ΩR0, ΓR and ΓR0

values are utilized to solve τp and τc. With ΩR = 9.1525 × 109 × 2πrad/s,ΓR =

12.264× 109 × 2π, ΩR0 = 7.3153315× 109 × 2πrad/s and ΓR0 = 9.24× 109 × 2π. By

re-arrange equation (2.69) yield:

τp =
2(ΓR − ΓR0)

Ω2
R − Ω2

R0

(3.12)

and

τc =
1

2ΓR − 2(ΓR−ΓR0)

Ω2
R−Ω2

R0
· Ω2

R

. (3.13)

By solving both equations (3.12) and (3.13), the value of τc and τp are found

asτc = 2.569966757× 10−10s and τp = 1.025472607× 10−12s, respectively.

The fifth step is by utilize equation (2.39). Since the value of g0, τc and τp are

known, then the value of βsp can be calculated. The required parameters values are:
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IS = 1.19709 × 10−5A q = 1.6021 × 10−19 C, Γ = 0.1, Vact = 3 × 10−17m3, g0 =

9.831559349× 10−12m3/s, τc = 2.569966757× 10−10s and τp = 1.025472607× 10−12s,

then rearrange (2.39), yield

βsp =
ISg0τcτpΓ

qVact
(3.14)

gets βsp = 6.45341958× 10−4 .

The last step is to find N0 by using equation (2.34). Given the following values

of parameters: Ith = 0.009672 A, τc = 2.569966757 × 10−10s ,q = 1.6021 × 10−19 C,

Γ = 0.1 and Vact = 3×10−17m3, g0 = 9.831559349×10−12m3/s and τp = 1.025472607×

10−12s, then rearrange (2.34), one gets

N0 =
Ithτc
qVact

− 1

Γg0τp
(3.15)

by substituting values into the above equation, yield,N0 = 4.747× 1023m−3.

The list of extracted parameters for DFB laser rate equations is summarized in

table 3.4.

3.6 Statistics of the Extracted Parameters

As expected, since the experimental data exhibited a Gaussian distribution trend,

under linear transformation, the resulted parameters for the laser rate equations are

also exhibit a Gaussian distribution trend:

59



M.A.Sc. Thesis - Ye Feng Wen McMaster - Electrical Engineering

Table 3.4: The extracted rate equation parameters.

parameters values units
Γ 0.1
N0 4.747× 1023 m−3

τp 1.025472607× 10−12 s
βsp 6.45341958× 10−4

τc 2.569966757× 10−10 s
Vact 3× 10−17 m3

g0 9.831559349× 10−12 m3/s
ε 1.480996267× 10−23 m3

η 0.125977402
α 2.39
λ 1548.41 nm

Figure 3.24: the statistics of βsp parameter
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Figure 3.25: the statistics of βsp parameter

Figure 3.26: the statistics of τp parameter
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Figure 3.27: the statistics of η parameter

Figure 3.28: the statistics of ε parameter
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Figure 3.29: the statistics of τc parameter

Figure 3.30: the statistics of g0 parameter
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With large sample size, these experimental data can be used as pre-knowledge of

certain type of DFB laser, thus bring the following advantage :

1. A better initial value range for curve fitting process. Since the software that was

developed for curve fitting utilize the least square error method, so the initial guess

to be used are very important in terms of extraction process efficiency. With enough

sampling, these initial value ranges can be utilized to fast the extraction process.

2. A even better situation, with large sample of data, one can give a good ap-

proximation of DFB laser rate equation parameters without actually performing the

experiment, when the type of DFB laser is known.
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Chapter 4

Extraction of the Line-width
Enhancement Factor of DFB
Semiconductor Lasers

4.1 Introduction

The semiconductor laser is a key component in the integrated optical circuit for

high speed optical communication[30]. The frequency chirping of the semiconductor

laser is one of the most important factors affecting the performance of the optical

communication system [31]. The frequency chirping is mostly related with the line-

width enhancement factor in the rate equations model [32, 33]. Therefore, it is

important to extract the line-width enhancement factor accurately from measurement

in order to optimize the performance of the communication system. Several methods

have been proposed for chirp parameter extraction [20, 34–38]. The optical fiber

dispersion method can be utilized to measure the line-width enhancement factor of

laser diodes lasing around 1550 nm[37–39]. However it is not valid for those lasing

around 1310 nm due to the low fiber dispersion at this wavelength. The FM (frequency

modulation) to AM (amplitude modulation) conversion method can be employed to
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extraction chirp parameter for laser diodes lasing around 1550 nm or 1310 nm[34, 35].

In this method both the FM index and IM (intensity modulation) index are required

to be obtained before performing the curve fitting[20, 35]. However it is difficult to

obtain FM index by keeping one specified sideband suppressed due to complicated

manipulation and requiring a high resolution function generator. It is required to

sweep modulation frequency in a wide range and high resolution. It is also not easy

to obtain FM index by solving the transcendental side-band strengths ratio function

numerically. Based on the measured data of FM to AM method, a new method is

proposed in this paper to extract the chirp parameter by fitting the strength ratio

curve of the first and the second sidebands. It only needs to measure the IM index

at the beginning one time and avoids obtaining FM index. The chirp parameter

extracting process is greatly simplified and can be done automatically by a computer.

4.2 The Proposed Method

The experimental set-up for single mode laser measurement is as shown in

Fig 4.1, the laser diode is driven by a DC bias on ILXLightwave LDC-3900 modular

on THORLABS LM9LP mount and a sinusoidal RF source which is gated by 2T

period and 50% duty cycle. The single mode laser’s signal is sent directly to the

Mach-Zehnder interferometer, whose differential delay is T, after passing an isolator.
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Figure 4.1: The experimental setup used in the purposed method.

If the modulation index is significantly small, the ratio of the first and second side-

band strengths of the intensity spectrum measured by the light-wave signal analyzer

is well described by the equation:

S2

S1

=
J2

2 (β)

J2
1 (β)

(4.1)

where S1 and S2 are the first and second side band strengths, respectively; Jn is the

nth order Bessel function;β and m are FM and IM indices, respectively.

4.2.1 Relationship between intensity-modulation and frequency

modulation

Since the carrier density inside the laser diode controls both the optical intensity

and the optical emission frequency, it is useful to relate intensity modulation and

the frequency modulation directly[40][41]. Such relations have been investigated in

[34][42],both experimentally[43][44][45] and theoretically[35][46]. The optical intensity

is proportional to the photon number, which is related to the carrier density via the
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photon rate equation, which here use a more generalized rate equation (4.2).

dS

dt
=
S

τp
(G− 1) +KtotRsp (4.2)

with G is the normalized gain and Ktot is the enhancement factor of spontaneous

emission. The normalized gain G = Rstτp, with Rst represents stimulated emission

rate, contains a linear and a nonlinear part according to equation (4.3)

G = GL(1− κP ) = GL(1− κsS) (4.3)

with the linear gain GL and the gain compression coefficient κ with respect to the

optical power P per facet. And since G is very close to unity above threshold, even

for large signal modulation, it may be expanded in terms of N = Nth, where Nth

corresponds to the carrier density for which the linear gain GL is unity, yielding

G = 1 + (∂G/∂N)(N −Nth)− κsS. (4.4)

The photon rate equation (4.2) with Rsp ≈ Nsp/τp is then written as

dS

dt
=
S

τp

(
∂G

∂N
(N −Nth)− κsS

)
+KtotNsp/τp. (4.5)

Since G = gvgτp, we have

(∂G/∂N) = (∂g/∂N)vgτp (4.6)
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and with equation (4.7)

dφ

dt
=
α

2
vg
∂g

∂n
(N −Nth). (4.7)

yields

2π(v − vth) =
α

2τp

∂G

∂N
(N −Nth). (4.8)

In equation (4.5) the nonlinear gain has been introduced. However, the

refractive index is assumed to be linear, depending only on the carrier density, so that

the photon number S does not explicitly appear in equation (4.8). This assumption

is supported by references [44][45] indicating that the nonlinear gain appears to be

much more important than the nonlinear refractive index.

Equations (4.5) and (4.8) yield a direct relation between photon number S and

optical frequency v according to[45]

v − vth =
α

4π

(
d(ln S)

dt
+

1

τp
[κSS −KtotNsp/S]

)
. (4.9)

This is a very useful equation for several reasons. For a given intensity modulation,

it predicts the related frequency modulation and thus the associated chirp. On the

other hand the measured relation between intensity modulation and frequency mod-

ulation yields an estimate for the coefficient α and the gain compression coefficient

κs [44][34].

So far, the analysis is somewhat oversimplified, since a uniform carrier reservoir is

assumed. Actually, it turns out that the relation between frequency modulation and

intensity modulation is not properly described by equation (4.9), if carrier density

is either axially or laterally inhomogeneous [43]. These inhomogeneities are impor-

tant, especially for GaAlAs lasers (exhibiting low nonlinear gain) with a laterally
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inhomogeneous carrier profile, such as for example the CSP laser. Fortunately, even

if inhomogeneities are taken into account the relation between intensity modulation

and frequency modulation may still be described by equation (4.9), at least approx-

imately, if the parameter κs is suitably adjusted [47]. Here the parameters κ and

κs thus describe the combined effect of nonlinear gain and an inhomogeneous carrier

distribution where κs, due to the inhomogeneities, may be either positive or negative.

If a small signal sinusoidal modulation of the photon number S is assumed ac-

cording to

S =< S > +<(∆S exp(jωt)) (4.10)

with |∆S| <<< S > and ω denoting the angular modulation frequency, the frequency

modulation may be written as

v =< v > +<(∆v exp(jωt)) (4.11)

and equation 4.9 yields

∆v/∆S =
α

4π < S >
(jω + ωc) (4.12)

with

ωc = (κs/τp) < S > +KtotNsp/(< S > τp) (4.13)

For low modulation frequencies the frequency modulation (FM) is simply propor-

tional to the intensity modulation (IM) and this proportionality is governed by the

characteristic frequency ωc.
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It is often more convenient to relate the FM-modulation index

β = |2π∆v/ω| (4.14)

to the IM-modulation index

m = |∆S/ < S > | (4.15)

yielding [48]

β

m
=
α

2

√
1 +

ω2
c

ω2
(4.16)

where α is line-width enhancement factor, ω is the modulation frequency and ωc is

the chirp frequency. The FM index can be expressed by rearranging equation (4.16)

as follows

β =
αm

2

√
1 +

ω2
c

ω2
(4.17)

By substituting (4.17) into (4.1), the ratio of sideband strengths is described as

R(ω) =
S2

S1

=

J2
2

(
αm

2

√
1 +

ω2
c

ω2

)

J2
1

(
αm

2

√
1 +

ω2
c

ω2

) (4.18)

The IM index m is measured at the beginning and fixed to a proper value sat-

isfying the small signal modulation conduction. The side-band strengths ratio R(ω)

becomes a function of modulation frequency ω with two parameters α and ωc. A com-

puter program is implemented to sweep the modulation frequency by controlling the
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function generator and record the corresponding intensity spectrum from the light-

wave signal analyzer. The side-band strengths ration curve is obtained by searching

the first and second side-band strengths in each recorded intensity spectrum corre-

sponding to each modulation frequency. By fitting the measured side-band strengths

ratio curve with theoretical function (4.18), the line-width enhancement factor can

be extracted easily.

4.3 Validation

The proposed method is verified in experiments by measuring a MQW DFB laser

round 1550nm. The side-band strengths ratio curve is measured automatically by the

computer program which sweeps the modulation frequency of the function generator

and reads modulated frequency spectrum from the lightwave signal analyzer. When

the side-band strengths ratios are obtained under different modulation frequencies, a

fitting process is applied according to the theoretical equation (4.18), and the chirp

parameter is extracted. As shows in Fig 4.2, the blue circles are measured data and

the solid line is the best fit calculated from equation (4.18). The extracted alpha

parameters for the DFB laser is 1.87 .
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Figure 4.2: Measured (circle) and calculated (solid line) ratios of side-bands as a
function of modulation frequency
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Figure 4.3: Measured (circle) and calculated (solid line) small signal response of a
DFB laser with 25.3km SMF-28 fiber
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To validate the method proposed, the widely adopted optical fiber dispersion

method is chosen as a benchmark [37].

The light-wave signal generated by a DFB laser is not purely monochromatic.

The spectrum of the output signal is located at a central frequency and has a certain

line-width from several kilo-Hz to a couple of mega-Hz. While the DFB laser is

directly modulated with injection current, the central frequency of the light-wave

changes with the output power. This is called frequency chirping. The frequency

chirping property causes the line-width of the light-wave even larger when the laser

diode is modulated. When passing the chirped light-wave through a dispersive optical

fiber, the carried signal is distorted and the output power through the optical fiber

is affected. The small signal intensity modulation response is important to study the

performance of a laser diode in an optical fiber system.

The input signal to the optical fiber is directly modulated laser diode with intensity

modulation characteristic as:

∆Sin (jω) =

(
τp
q

)
H (jω) ∆I (jω) , (4.19)

where

H (jω) =
ω2
R

(jω)2 + 2jΓRω + ω2
R

. (4.20)

The intensity modulation at the output of fiber is given by

∆Sout (jω) =
[
cos
(
FDω

2
)
− α

(
1− j ωc

ω

)
sin
(
FDω

2
)]
·
(
τp
q

)
H (jω) ∆I (jω) ,

(4.21)
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where the optical fiber transfer function is given by

Hfiber,dB = ∆Pfiber,dB −∆PLD,dBm

= 10× log
[
cos
(
FDω

2
)
− α

(
1− j ωc

ω

)
sin
(
FDω

2
)]

. (4.22)

The parameters are

FD =
λ2DLfibre

4πc
(4.23)

and

ωc =
εΓ

eV
(I − Ith) , (4.24)

with D is the dispersion coefficient and Lfiber is the length of the fiber.

This experimental setup to validate are as the following: semiconductor laser

is powered by power supply ILXLightwave LDC-3900 modular laser diode controller

and the small signal intensity modulation response is measured through Agilent 8703B

Lightwave Component Analyzer. The current of the laser diode is directly modulated

by an RF signal. The light-wave component analyzer modulate and sweep the fre-

quency of all available bandwidth of the analyzer to the laser and measure the output

power at each frequency in order to plot the small signal intensity modulation re-

sponse with repeat at several bias currents. The Semiconductor lasers are mounted

on THORLABS LM9LP mount and connect with the modulation signal from the Ag-

ilent 873B Lightwave Component Analyzer, and the THORLABS LM9LP mount also

connect to the power supply. Both power supply and lightwave component analyzer

are communicated through GPIB ports to the controlling PC, and an automation

software have been developed to control the instruments and analysis the result. The

collected data are in the form of different response curve at different bias curve.
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Due to equation (3.9), the experiment consists of two parts: In part one, with no

long fiber conditions that small signal IM response curve is measured directly. In part

two, an extra SMF-28 fiber with length of 25.3 km is connected to the laser before it

attach to the optical component analyzer. The schematic of part one is the same as

the Small signal Intensity Modulation from last section as show in Figure 3.4. The

part two schematic is shown in Figure 3.9

The extracted value is compared with the result obtained from the benchmark.

Fig 4.3 depicts the measured small signal responses of the DFB lasers after the light-

wave signal passing through a 25.3km SMF-28 fiber. From a curve fitting process, the

linewidth enhancement parameters of the DFB lasers are obtained to be 1.83. The

parameters agree well with the values extracted by the proposed method.

4.4 Conclusion

In this chapter a new method is proposed for extracting the DFB laser chirp

parameter by fitting the side-band strengths ratio curve obtained from the spectrum

measurement. A MQW DFB laser is measured and the chirp parameter is extracted.

The extracted value agrees well with the result obtained from fiber dispersion mea-

surement. It is important to mention that although this method is tested with a DFB

laser lasing at 1550nm in C-Band, it is also valid for the DFB laser lasing around

1310nm in O-Band. This method is also suitable for automatic parameter extraction.
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Chapter 5

Conclusion and Future Work

In this thesis, the experimental methods to extract the parameters of DFB

semiconductor laser rate equations were introduced ,analyzed and compared. These

results demonstrated Gaussian distribution that can be utilized in the future to give

either the initial guess value for the curve-fitting process, or even predict the value of

the parameters without preform of the actual experiment.

The purposed method to extract of line-width enhancement factor also brings a

new way to extract the chirp parameters without using dispersive fiber, which opens a

new door to extract the rate equation parameters for laser that lasing around 1310nm.

Its simplicity made it a ideal way to automate the extraction procedure, compared

with IM small signal response through dispersive fiber that, requires the change of

connection during experiment.

Some suggested work in th future are as follows:

1. Improvement of the curve fitting process. The current curve fitting process

utilizes least square error method to find the experimental parameters. However, this

method is not be the best way to extract these parameters. A suggested method is

78



M.A.Sc. Thesis - Ye Feng Wen McMaster - Electrical Engineering

Levenberg-Marquardt Method [49].

2. Enlarge the sample space of DFB laser under tests to 200 [50]. The limited

budget prevent me from working with large sample space.With sample space enlarged

to 200, a better estimation of the rate equation parameters can be yield.
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