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摘 要 

 

論文名稱：以增益開關法布里-珀羅雷射二極體為基礎的全光通訊信號格式轉換元件

研究  

校所別：國立交通大學光電工程研究所          頁數：1 頁 

畢業時間：九十四學年度第二學期              學位：博士  

研究生：張詠誠                          指導教授：林恭如 教授 

 

關鍵詞： 法布里-珀羅雷射二極體, NRZ-to-RZ 格式轉換, 光注入鎖定引起的閾值電流

降低現象, 光纖通訊, 全光邏輯或閘, 啁啾 

 

本論文的主旨在利用半導體雷射中光注入鎖定會造成雷射的閾值電流降低現象來實

現一全光式非歸零轉歸零之格式轉換器。閾值電流在注入鎖定半導體雷射情況下所造

成的閾值電流降低現象也做了詳細的理論推導。在實驗上，我們成功地展示全光非歸

零轉歸零的格式轉換器，同時這種利用光注入鎖定的技術可以使法布里-珀羅雷射二

極體同時具備單縱模輸出、啁啾降低與頻寬延展等好處。在應用上，以此種全光格式

轉換器實現之全光或閘也首度被展示。進一步，我們評估輸出歸零光訊號的啁啾特

性，並以日本 NTT 研究群所提出的動態光固子傳輸架構為基礎提出傳輸此格式轉換後

的歸零訊號之傳輸架構。 
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ABSTRACT 
 

Title：All Optical NRZ-to-RZ Format Converter by a Fabry-Perot Semiconductor Laser Diode 
Pages：1 Page 
School：National Chiao Tung University  
Department：Institute of Electro-Optical Engineering 
Time：June, 2006                      Degree：Doctor of Philosophy 
Researcher：Yung-Cheng Chang           Advisor：Prof. Gong-Ru Lin 
 
Keywords ： Fabry Perot laser diode, NRZ-to-RZ format conversion, optical 
injection-locking-induced threshold current reduction, fiber-optic communication, optical OR 
logic gate, chirp. 
 
In this dissertation, a reduction in the threshold current of a Fabry-Perot laser diode (FPLD) 
is first used to convert a nonreturn-to-zero (NRZ) to return-to-zero (RZ) formatted data 
stream.  The threshold current reduction in external injection locking condition is derived 
by using a phenomenological approach to diode lasers and Li’s theory.  Such a reduction in 
the threshold current by the injection locking technique can reduce the linewidth/chirping and 
enhance the modulation bandwidth of the FPLD.  In applications, an NRZ-to-RZ-based 
all-optical OR logic gate is also demonstrated.  Furthermore, by using a spectral windowing, 
linear dispersion compensation, and a preemphasis technique we believe that a soliton 
transmission for the RZ-formatted data stream may be expected. 
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Chapter 1 
Introduction 

 

1.1 Introduction of Semiconductor Lasers 
To date semiconductor lasers have been considered the best light sources for high-bit-rate 

optical communication lines and fast optical data-processing systems.  Compared to 

solid-state, gas, and dye lasers, the diode laser offers a considerably smaller size, higher 

efficiency, lower cost, and the unique ability to be modulated up to gigahertz rates by 

simply changing the driving current through the device.  One of the main advantages of 

lightwave systems over electronic ones is their high speed and transmission capacity.  

The fundamental reason for this is the much higher carrier frequency of light (1014 to 1015 

Hz) in a lightwave system.  To realize the potentially very high capacity of lightwave 

system, the light source used should be able to generate short pulses at high repetition 

rates and capable of being modulated and encoded.  These requirements are completely 

satisfied by using semiconductor laser diodes. 

 

1.1.1 Historical Review of Semiconductor Lasers [1] 

The advent of the laser dates back to 1958, the year in which the seminal paper of Schawlow 

and Townes appeared [2].  It was followed by the successful operation of a solid-state ruby 

laser [3] in May 1960 and of a He-Ne gas laser [4] in December 1960.  The feasibility of 

stimulated emission in semiconductor lasers was considered during this period [5-7], and in 

1962 several groups [8-11] reported the lasing action in semiconductors.  The device 

consisted of a forward-biased GaAs p-n junction [8-10].  Electron-hole recombination in the 

depletion region of the p-n junction provided the optical gain, and the polished facets 
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perpendicular to the junction plane provided the optical feedback (by forming a resonant 

cavity)—the two necessary ingredients for any laser.  Soon p-n junction of other 

direct-band-gap semiconductor materials such as InAs, InP, GaAsP, and InPAs were used to 

obtain semiconductor lasers at different wavelengths.  Practical utility of these earlier 

devices was, however, limited since a large value of the threshold current density 

( 250 kA/cmthJ ≥ ) inhibited their continuous operation at room temperature. 

As early as 1963 it was suggested [12, 13] that semiconductor lasers might be improved 

if a layer of one semiconductor material were sandwiched between two cladding layers of 

another semiconductor that has a relatively wider band gap.  Such a device consisting of two 

dissimilar semiconductors is commonly referred to as a heterostructure laser, in contrast to 

the single-semiconductor devices, which are labeled as homostructure lasers.  Both of these 

structures are shown schematically in Fig. 1.1, which also indicates their typical physical 

dimensions.  Heterostructure lasers are further classified as single-heterostructure or 

double-heterostructure devices depending on whether the active region, where lasing occurs, 

is surrounded on one or both sides by a cladding layer of higher band gap.  The use of a 

heterostructure, however, requires a careful matching of the lattice constants of the two 

semiconductors.  It was only in 1969 that the successful room-temperature operation of a 

heterostructure laser was demonstrated [14-16] using the liquid-phase epitaxial technique [17] 

for the growth of GaAs and AlxGa1-xAs layers.  However, these lasers operated in the pulsed 

mode.  Further work led in 1970 to heterostructure lasers operating continuously at room 

temperature [18, 19].  Notation such as (Ga,Al)As or AlGaAs/GaAs is often used to 

emphasize the heterostructure nature of these GaAs lasers. 

Already in 1969 double-heterostructure GaAs lasers with room-temperature value of 

25 kA/cmthJ ≅  were reported [16].  This value was reduced [18] to about 21.6 kA/cm  in 

1970, and by 1975 AlGaAs lasers with 20.5 kA/cmthJ ≅  were demonstrated using thin 
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( ~ 0.1 m thickμ ) active layers [20].  This was an improvement by more than two orders of 

magnitude over the simple homostructure lasers first made in 1962.  It converted the 

semiconductor laser from a laboratory curiosity to a practical, compact, coherent light source 

useful for numerous applications. 

The physical reason for the reduction in the threshold current density with the use of a 

heterostructure device is twofold [12, 13].  The cladding layers surrounding the active layer 

have a higher band gap and at the same time a lower refractive compared with those of the 

active layer (see Fig. 1.2).  The band-gap difference helps to confine electrons and holes to 

the active layer, where they recombine to produce the optical gain.  At the same time the 

refractive-index difference confines the optical mode close to the active layer, which acts as a 

dielectric waveguide.  The optical-mode confinement significantly reduces the internal loss 

[14] that would otherwise occur in the absence of index guiding due to the spreading of the 

optical mode in the lossy regions. 

A double-heterostructure semiconductor laser such as shown in Fig. 1.1 is sometimes 

called a broad-area laser since it does not incorporate any mechanism for the lateral (parallel 

to the junction plane) confinement of the injected current or the optical mode.  As early as 

1967, stripe-geometry homostructure lasers were proposed [21] to limit the lateral spread of 

the injected carriers inside the active layer, as shown in Fig. 1.3.  In these lasers the current is 

injected over a narrow ( ~ 10 mμ ) central region using a stripe contact.  The stripe geometry 

was adopted for heterostructure lasers [22] in 1971.  Such lasers are also referred to as 

gain-guided (see Fig. 1.4a) since it is the lateral variation of the optical gain that confines the 

optical mode to the stripe vicinity [23].  By contrast, heterostructure lasers where the optical 

mode confinement occurs mainly through lateral variations of the refractive index are termed 

index-guided (see Fig. 1.4b).  A large number of index-guided structures have been proposed 

and demonstrated over past decades.  The literature is too vast to cite them individually, and 

a discussion of their relative merits can be found in several books [24-26] that also describe 
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the research and development effort for AlGaAs lasers up to 1980. 

GaAs lasers are of continued interest.  Using the growth techniques of vapor-phase 

epitaxy [27] and molecular-beam epitaxy [28], multiquantum-well laser structures have been 

developed [29].  In these devices the active region is not a single GaAs layer but rather 

consists of several thin ( ~ 0.01 mμ ) layers composed alternatively of GaAs and AlGaAs 

materials.  Recently the emphasis has shifted toward high-power GaAs lasers and 

phased-array semiconductor lasers [30, 31].  In one approach, multiple stripes are used to 

generate distinct regions of optical gain in the junction plane and the near field consists of 

several spots.  However, since the stripes are not widely separated, the optical field in the 

gain region of each emitter overlaps with that the neighboring emitter.  Such a coupling leads 

to a phase-locked array of emitters providing well-collimated high power output.  Whereas 

the output power from a conventional GaAs laser usually below 50 mW, more than 2 W of 

power has been obtained [31] by this technique of phase-locked arrays. 

So far we have followed the development of GaAs lasers operating usually in the 

wavelength range of 0.8—0.9 mμ .  Long-wavelength semiconductor lasers in the range of 

1.1—1.6 mμ  are of considerable interest for optical fiber communications [32].  Although 

several material systems were considered, the combination InGaAsP-InP turned out to be 

most suitable in view of its nearly perfect lattice match [33].  The active layer is composed 

of the In1-xGaxAsyP1-y quaternary alloy.  By varying the mole fractions x and y, almost any 

wavelength in the 1.1—1.6 mμ  range can be selected.  The cladding layers in this 

heterostructure layer (see Fig. 1.1b) consist of either InP or InGaAsP itself with different mole 

fractions x and y. 

Room-temperature operation of a 1.1- mμ  InGaAsP laser in the pulsed mode [34] was 

reported in 1975.  The adoption of stripe geometry led to continuous operation [35] of such 

lasers in 1976.  In 1977 the wavelength was extended [36] to 1.3 mμ .  Since low-loss 

dispersion-free fibers at 1.3 mμ  were already available [37], considerable attention was 
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focused to develop a practical InGaAsP laser at this wavelength.  Motivated by the 

realization [38] of an ultra-low-loss (~0.2 dB/km) fiber at the 1.55- mμ  wavelength, several 

groups [39-44] in 1979 reported on InGaAsP lasers operating in the vicinity of 1.55 mμ .  

Since then the development effort for InGaAsP lasers operating in the wavelength range of 

1.3—1.6 mμ  has proceeded at an enormous pace [45-47].  The primary motivation is due to 

their application in optical fiber communications, and the use of InGaAsP lasers in long-haul 

optical communication systems has already reached the commercial stage [48]. 

 

1.1.2 Operating Principles of Semiconductor Lasers 

This subsection is to provide a qualitative understanding of the physics behind the 

semiconductor laser.  To form a laser, a gain medium and a feedback mechanism are both 

necessary.  A gain medium, which is a semiconductor material in a semiconductor laser, can 

amplify the electromagnetic radiation propagating inside it and provide the 

spontaneous-emission noise input.  A feedback mechanism, which is obtained using the 

cleaved facets of the semiconductor material that form a Fabry-Perot (FP) cavity, can confine 

the electromagnetic field through the well-defined optical modes.  The mode confinement is 

achieved through dielectric waveguiding.  A semiconductor laser needs to be externally 

pumped to obtain the optical gain, and both electrical and optical pumping techniques have 

been used for this purpose.  A simple, practical, and most commonly used method employs 

current injection through the use of a forward-biased p-n junction.  Such semiconductor 

lasers are sometimes referred to as injection lasers or laser diodes. 

 

 p-n Junction 

A p-n junction [49] is formed by bringing a p-type and an n-type semiconductor into contact 

with each other.  When they first come in contact, their quasi-Fermi levels do not match 
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since the two are not in equilibrium.  Equilibrium is, however, quickly established through 

diffusion of electrons from the n side to the p side, while the reverse occurs for holes.  These 

diffusing electrons and holes recombine in the junction region.  Eventually a steady state is 

reached in such a way that further diffusion of electrons and holes is opposed by the built-in 

electric field across the p-n junction arising from the negatively charged acceptors on the p 

side and the positively charged donors on the n side.  The Fermi level is then continuous 

across the p-n junction, as shown in Fig. 1.5, where the energy-band diagram of the p-n 

homojunction (junction between two similar semiconductors) is shown. 

When a p-n junction is forward-biased by applying an external voltage, the built-in 

electric field is reduced, making possible a further diffusion of electrons and holes across the 

junction.  As Fig. 1.5b shows, in a narrow depletion region both electrons and holes are 

present simultaneously and can recombine either radiatively or nonradiatively.  Photons of 

energy gh Eν ≅  are emitted during radiative recombination.  However, these photons can 

also be absorbed through a reverse process that generates electron-hole pairs.  When the 

external voltage exceeds a critical value, a condition known as population inversion is 

achieved, in which the rate of photon emission exceeds that of absorption.  The p-n junction 

is then able to amplify the electromagnetic radiation, whose wavelength satisfies 

1.24

gE
λ ≅  (1.1) 

where gE  is the band gap of the semiconductor material in electron volts and the lasing 

wavelength λ  is in micrometers.  Therefore, the p-n junction is said to exhibit optical gain.  

However, for a homojunction the thickness of the region where gain is sufficiently high is 

very small ( ~ 0.01 mμ ) since there is no mechanism to confine the charge carriers, as shown 

in Fig. 1.1a. 

To solve the carrier-confinement problem, the use of a p-n heterojunction is proposed [12, 

13], as shown in Fig. 1.1b.  Figure 1.6 shows the energy-band diagram for a 



 7

double-heterostructure laser wherein the thin p-type active region has a lower band gap 

compared to that of the two p-type and n-type cladding layers.  Electrons and holes can 

move freely to the active region under forward bias.  However, once there, they cannot cross 

over to the other side because of the potential barrier resulting from the band-gap difference.  

This allows for a substantial build-up of the electron and hole population inside the active 

region, where they can recombine to produce optical gain.  The width of the gain region is 

determined by the active-layer thickness, typically 0.1-0.3 mμ .  As mentioned earlier, it was 

the adoption of the heterostructure scheme that resulted in significantly lower threshold 

current densities (compared with a homojunction) and led to the room-temperature operation 

of semiconductor lasers. 

 

 Dielectric Waveguide 

The successful operation of a laser requires that the generated optical field should remain 

confined in the vicinity of the gain region.  In double-heterostructure semiconductor lasers 

the optical confinement occurs by virtue of a fortunate coincidence.  The active layer with 

a smaller band gap also has a higher refractive index compared with that of the surrounding 

cladding layers (see Fig. 1.2).  Because of the index difference, the active layer in effect 

acts as a dielectric waveguide.  The physical mechanism behind the confinement is total 

internal reflection, as illustrated in Fig. 1.7.  When a ray traveling at an angle θ  

(measured from the interface normal) hits the interface, it is reflected back if the angle θ  

exceeds the critical angle cθ  given by 

1 1

2

sin   (critical angle)c
μθ
μ

−=  (1.2) 

where 1μ  and 2μ  are the refractive indices of the cladding and active layers, respectively. 

Thus, rays traveling nearly parallel to the interface are trapped and constitute the waveguide 

mode. 
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 Recombination Mechanisms 

When the current flowing through a semiconductor laser is increased, charge carriers 

(electrons and holes) are injected into the thin active region, where they recombine through 

radiative or nonradiative mechanisms.  As one may expect, nonradiative recombinations 

are not helpful for laser operation, and attempts are made to minimize their occurrence by 

controlling point defects and dislocations.  However, a nonradiative recombination 

mechanism, known as the Auger process, is intrinsic and becomes particularly important 

for long-wavelength semiconductor lasers operating at room temperature and above.  

Physically speaking, during the Auger process the energy released by the electron-hole 

recombination is taken by a third charge carrier and is eventually lost to lattice phonons. 

During a radiative recombination, the energy gE  released by the electron-hole pair appears 

in the form of a photon whose frequency ν  or wavelength λ  satisfies the energy 

conservation relation gE h hcν λ= = .   This can happen through two optical processes 

known as spontaneous emission and stimulated emission.  These are shown schematically 

in Fig. 1.8.  In the case of spontaneous emission, photons are emitted in random directions 

with no phase relationship among them.  Stimulated emission, by contrast, is initiated by 

an already existing photon.  The remarkable feature is that the emitted photon matches 

the original photon not only in its wavelength but also in direction of propagation.  I t  is 

this relationship between the incident and emitted photons that renders the light emitted by 

a laser coherent. 

 

 Laser Threshold 

Although stimulated emission can occur as soon as current is applied to the 

semiconductor laser, the laser does not emit coherent light until the current exceeds a 

critical value, known as the threshold current ( thI ).  This is so because stimulated 
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emission has to compete against the absorption processes during which an electron-hole 

pair is generated at the expense of an absorbed photon.  Since the electron population in 

the valence band generally far exceeds that of the conduction band, absorption dominates.  

At a certain value of the external current, a sufficient number of electrons are present in 

the conduction band to make the semiconductor optically transparent.  With a further 

increase in current, the active region of the semiconductor laser exhibits optical gain and 

can amplify the electromagnetic radiation passing through it.  Spontaneously emitted 

photons serve as the noise input for the amplification process. 

However, as mentioned above, a laser is formed by two necessary elements.  The 

other necessary ingredient is optical feedback.  In semiconductor lasers it is provided by 

the cleaved facets that form a Fabry-Perot (FP) cavity.  The role of the FP cavity is 

twofold.  First, it provides a directional selectivity for the process of stimulated emission, 

since only photons traveling along its axis are reflected back and forth.  Second, it 

provides a wavelength selectivity since the feedback is strongest for wavelengths 

corresponding to the longitudinal modes of the FP cavity. 

Because of the optical feedback, the number of photons traveling perpendicular to 

the facets increases when the current is large enough to satisfy the condition of net 

stimulated emission.  However, some photons are lost through the partially transmitting 

facets and some get scattered or absorbed inside the cavity.  If the loss exceeds the gain, 

stimulated emission cannot sustain a steady supply of photons.  This is precisely what 

happens below threshold, when the laser output consists of mainly spontaneously emitted 

photons.  At threshold, gain equals loss and stimulated emission begins to dominate. 

Over a narrow current range in the vicinity of the threshold current, the output power 

jumps by several orders of magnitude and the spectral width of the emitted radiation 

narrows considerably because of the coherent nature of stimulated emission. 

In the above-threshold regime, laser output increases almost linearly with the current. 
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Almost all electrons and holes injected into the active region now recombine through 

stimulated emission, and the internal quantum efficiency approaches 100%.  The 

performance of a semiconductor laser is governed by a large number of emission 

characteristics related to the static, dynamic, and spectral behavior of the light output. 

 

1.2 Enabling Technology for Data Format Conversion 
Ultrafast all-optical signal processing techniques are expected to play a major role in future 

communications systems in order to avoid any optoelectronic speed bottlenecks.  In future 

all-optical networks (AONs), relatively low bit rates (e.g. 1-2.5 Gbit/s) will be used preferably 

with non-return-to-zero (NRZ) format which requires minimal electronic bandwidth and has 

greater timing tolerance, as compared to the return-to-zero (RZ) format.  However, the RZ 

data format is quite useful in applications including passive time-division-multiplexing (TDM) 

for increasing the network throughtput, soliton generation, and the suppression of stimulated 

Brillouin scattering [50, 51].  For these purposes, NRZ-to-RZ conversion is required.  On 

the other hand, RZ-to-NRZ data format conversion is also necessary for reverse operation.  

There are versatile converters capable of transforming one format to the other [52-77].  In 

general, we divide these converters into two categories: RZ-to-NRZ and NRZ-to-RZ 

converters. 

In RZ-to-NRZ converters, it has been realized using many methods, including a nonlinear optical 

loop mirror (NOLM) [52], a semiconductor optical amplifier based wavelength converter [53], 

a cross-phase modulation in an SOA-based Mach-Zehnder interferometric wavelength 

converter [54, 55], a dual-wavelength injection locking in a Fabry-Perot laser diode (FPLD) 

[56], the spectral filtering from a cross-phase modulated signal in a dispersion-shifted fiber 

[57], and the spectral line-by-line control [58]. 

In NRZ-to-RZ converters, it has been realized using many methods, including a 
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nonlinear active loop mirror (NALM) [59], a cross-gain compression-based wavelength 

converter [60], a nonlinear optical loop mirror (NOLM) [61, 62], a cross-phase modulation 

based single travelling wave semiconductor laser amplifier (TWSLA) [63], a gain-modulated 

semiconductor optical amplifier (SOA) [64], self-phase modulation (SPM) of SOA [65], a 

dual-wavelength injection locking in a FPLD [66], a cross-phase modulation in an SOA-based 

Mach-Zehnder interferometric wavelength converter [67], an optoelectronic oscillator (OEO) 

[68, 69], the transverse-magnetic mode absorption and SPM in a FPLD [70], an 

injection-locked FPLD at un-lasing condition [71-73], an SOA-loop-mirror [74], a 

Mach-Zehnder delay interferometer [75], and a dark-optical-comb injected SOA [76, 77]. 

In the following subsections, we will review two FPLD-based NRZ-to-RZ data format 

converters.  In addition, techniques for generating short pulse (i.e. RZ format) in FPLDs are 

introduced.  In the last subsection, we introduce injection locking in semiconductor lasers 

and the threshold current reduction induced by injection locking.  These introductions are 

prepared for our novel FPLD-based NRZ-to-RZ data format converter, as shown in Section 

1.3. 

 

1.2.1 All-optical Non-Return-to-Zero (NRZ) to Return-to-Zero 

(RZ) Data Format Conversion Technology by Using FPLDs 

The Fabry-Perot laser diode (FPLD) based ultrafast all-optical signal processing techniques 

are expected to play important roles in future all-optical networks [66, 70, 78-81].  Versatile 

techniques such as the clock frequency division [79, 80], the wavelength conversion [81], and 

a nonreturn-to-zero (NRZ) to return-to-zero (RZ) format transformation [66, 70], have been 

demonstrated.  Two featured works on the all-optical NRZ-to-RZ data format converters by 

using FPLDs are discussed.  First, in 2002, Chow et al. [66] demonstrated an all-optical 

NRZ to RZ data format converter by using a cw-operated Fabry-Perot laser diode.  They 
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used a dual-wavelength injection locking technique to achieve both wavelength and format 

conversion, as shown in Fig. 1.9.  Later on, in 2004, Jeong et al. [70] used 

transverse-magnetic (TM) mode absorption of an FPLD and the self-phase modulation (SPM) 

technique to achieve NRZ-to-PRZ data format conversion for the aim to recover the data 

clock, as shown in Fig. 1.10. 

   

1.2.2 Techniques for Generating Short Pulse 

The first short pulse generation in diode lasers was the observation of irregular pulse trains 

emitted by a single-contact laser in 1966 [82].  Later on, the generation of regular 

picosecond pulses was first demonstrated in a double-section device in 1967 [83].  Since 

then, progress has continued both in experimental techniques and in theoretical understanding.  

In particular, significant progress has been made since 1978 when the first successful 

demonstration of the active mode locking of a laser with an external cavity was realized.  In 

general, there are two reasons why one wants to pulse a laser light.  One is that, although 

there may be less power on average in the beam, the instantaneous power in one of the laser 

flashes may be thousands of times greater than the power in a continuous wave light.  The 

other is that a pulsed laser light can give information on very rapidly-occurring processes, 

rather like a photo-finish in a race.  It’s a little like a very fast flash. 

To obtain a pulsating light output, additional experimental manipulation must be 

performed with the laser.  The simplest idea for generating laser pulses is to switch 

rapidly either gain or losses of the laser.  Historically, the switching of diode-laser 

resonator quality or losses (Q-switching) was the first technique used to generate short 

light pulses [83].  Q-switching works in the following way.  While the laser population 

inversion is building up, the switch is held in the “off” or high-loss state, ensuring a low Q.  

As the carrier density in the laser reaches its peak, the cavity is suddenly switched to the 
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high-Q condition, and the stored energy is rapidly emitted in an output optical pulse.  The 

switching process can be initiated in one of two ways—active or passive.  If the 

switching is caused by external influence, the technique is called as active Q-switching.  

However, there exists the possibility of passive/self-Q-switching of a laser by a bleachable 

(saturable) absorber.  One feature of diode lasers is their ability to allow the ready 

incorporation of saturable absorbers of the same material as the active medium of the laser.  

As contrasted with other types of lasers, it is not necessary to have any external saturable 

absorber, but it is possible simply divide the diode into several sections and apply different 

currents to them.  The parts of the laser with high current injection acts as the gain 

medium, while the unpumped sections or sections with a low pumping rate act as 

absorbers.  Experimental Q-switched pulsewidths that have been obtained so far lie in the 

range of 2 to 30 ps at repetition rates above 10 GHz. 

Another way for generating short pulses is gain switching [84-91].  Gain switching 

can be easily achieved in a diode laser by driving the laser with pulses or RF electrical 

currents.  The first observations of relaxation oscillation when turning on a laser from 

below threshold have shown that short light pulses can be generated by direct modulation 

of the laser, with the optical puslewidth considerably shorter than the applied electrical 

pulses.  The fundamental reason for this is an extremely short photon lifetime in a 

diode-laser cavity due to very small cavity length and relatively high cavity losses.  The 

basic idea of gain switching consisted of the excitation of the first spike of relaxation 

oscillation and termination of the driving current before the onset of the following spikes.  

This can be achieved by applying either short electrical pulses or strong sine wave 

modulation on the laser.  A typical pulsewidth of gain-switched pulses lies in the range of 

10 to 30 ps at repetition rates up to several GHz. 

Although gain switching and Q-switching are simple and attractive techniques for 

generating short pulses, the shortest laser pulses can be generated using another technique 
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known as mode locking.  The term “mode locking” originates from the fact that, when 

the optical field is written in terms of the modes of the laser cavity, under mode-locked 

conditions all modes in the laser spectrum are in phase.  In the case of the active mode 

locking of a diode laser, the pumping current is modulated at a frequency that corresponds 

accurately to the spacing of the cavity modes.  The first attempt to initiate active mode 

locking by current modulation was made in 1971 but met only limited success that 

resulted in the generation of pulses of a few hundred picoseconds in duration [92].  

Similar to self-Q-switching, passive mode locking can be achieved through the action of a 

saturable absorber without any external intervention (the first demonstration in 1968 [93]).  

A significant step forward in generating extremely short pulses in the femtosecond range 

was made with the introduction of colliding-pulse mode locking, which, in fact, is a 

modification of passive mode locking [94].  It was colliding-pulse mode locking of a 

diode laser with an external cavity that resulted in the significant reduction of pulsewidths 

of generated pulses in 1981.  Another important step was made in 1989 when the 

monolithic (without external cavity) mode locking of a laser diode was demonstrated for 

the first time [95].  Using monolithic mode-locking diode lasers, it is possible to generate 

short optical pulses with very high repetition rates in excess of 100 GHz.  Optical pulses 

of few hundred femtoseconds at repetition rates of 350 GHz can be obtained by 

mode-locked diode lasers [96]. 

 

1.2.3 Introduction of Injection Locking [97] 

Injection locking of a semiconductor laser, with external coherent radiation injected into the 

laser cavity, appears to be drawing increasing attention [98-104].  Semiconductor diode 

lasers have a low Q factor cavity with the passband width as broad as several tens GHz and 

the gain spectrum several times broader, which is advantageous in achieving injection locking.  
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Recent progress in the diode laser fabrication technology has greatly improved the lasing 

characteristics, such as the mode stability and spectral purity, making injection locking a 

realistic subject for investigation.  In one of the earlier reports it has been shown [99] that the 

waveform of the output response to a modulated exciting current can be greatly improved 

with light injection because the transient relaxation oscillation can be severely damped.  

Remarkable effects of the injection locking in controlling the spectrum and the frequency 

stability under direct modulation have recently been demonstrated [100, 101] and detailed 

experimental investigation on GaAs laser injection locking properties has been reported [102].  

In 1994, Li [105] predicted that the gain is enhanced and hence threshold is decreased by 

including the spontaneous emission term.  Later on, in 1998, Sivaprakasam and Singh 

[106] demonstrated the threshold current reduction experimentally by using two identical, 

single mode AlGaAs laser diodes (SDL 5412-H1, =850 nmλ ). 

 

1.3 Motivation of a novel FPLD-based NRZ-to-RZ 

Converter 
According to previous researches [60, 64], we know that the format conversion from NRZ to 

RZ can be obtained by manipulating the gain of device through an optical [60] (see Fig. 1.11) 

or an electrical [64] (see Fig. 1.12) method.  Such a concept will be employed in an 

FPLD-based NRZ-to-RZ data format converter.  First, it is well-known that the manipulation 

of the gain in FPLDs can be achieved by controlling the injection current.  When the FPLD 

is gain-switched by using a sinusoidal wave or a short electrical pulse, it will generate an 

optical pulse, which is like the RZ signal.  On the other hand, we experimentally observed 

that the threshold current of FPLDs can be reduced under external injection locking.  

Therefore, we combine these ideas and propose a new scheme to translate an NRZ-formatted 

optical data into an RZ-formatted optical data by biasing a synchronously-modulated FPLD at 
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un-lasing condition.  In contrast to previous approaches, the FPLD used in our converter is 

operated just below threshold current by minimizing the DC driving current and appropriately 

setting the RF driving power.  The FPLD becomes gain-switching when its threshold current 

is reduced by an external injection.  That is, the FPLD receives the incoming NRZ data with 

high level (“1” bit), resulting in the generation of RZ data, whereas the low-level (“0” bit) 

data, ceasing the lasing of the FPLD.  Such an external injection-locking not only achieves 

the NRZ-to-RZ conversion, but also helps to suppress the gain of side modes and the 

spontaneous emission, providing the FPLD output data stream a higher side mode suppression 

ratio (SMSR) and lower noise level. 

 

1.4 Organization of Dissertation 
The work described in this dissertation concentrates on the derivation of the reduction of 

the threshold current under external light injection locking condition and the application of 

this particular phenomenon in NRZ-to-RZ data format converter. 

This dissertation is organized as follows: Chapter 2 derives the formula of the 

threshold current reduction.  First, we will give a phenomenological approach, which is 

introduced by Coldren and Corzine, to diode lasers to derive the expression of the 

threshold current of diode lasers.  Furthermore, by introducing the Li’s theory, we can 

derive the threshold current reduction under external light injection locking.  Chapter 3 is 

the experimental setup and results of the FPLD-based NRZ-to-RZ converter.  First, we use 

a continuous-wave (CW) light injection into the FPLD to observe the external 

light-injection-induced gain-switching.  That is, the synchronously-modulated Fabry-Perot 

laser diode at below threshold condition becomes gain-switching when its threshold current is 

reduced by an external injection locking.  Furthermore, we inject an incoming NRZ data 

stream into the FPLD, which receives the high level (“1” bit), resulting in the generation of a 
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RZ data, whereas receives the low-level (“0” bit), ceasing the lasing of the FPLD.  Such an 

external injection-locking not only achieves the NRZ-to-RZ conversion, but also helps to 

suppress the gain of side modes and spontaneous emission, providing the FPLD output 

data-stream with a high side mode suppression ratio (SMSR) and low noise level.  Chapter 4 

is the experimental setup and results of an all-optical OR logic gate, which is realizes by using 

such an FPLD-based NRZ-to-RZ converter.  In such an OR gate, the issue of pulse 

inequality is solved by slightly enlarging the amplitude of the RF modulating power.  In 

Chapter 5, we propose a transmission configuration by using a preemphasis technique 

(proposed by Nakazawa et al.) to transmit the converted RZ data stream.  The corresponding 

parameters for realizing this configuration are calculated.  In addition, for evaluation of chirp 

of such a data format converter, a dynamic relative chirp measurement is constructed for 

observation of the results of chirp compensation and the chirp after transmission.  Finally, 

Chapter 6 summarizes the dissertation and gives some future directions. 
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(a) 

 
(b) 

Fig. 1.1 Schematic illustration of (a) homostructure and (b) double-heterostructure 
semiconductor lasers with their typical physical dimensions.  The dotted area represents the 
depletion region in the vicinity of the homojunction.  The hatched area shows the thin 
(~0.2 μm) active layer of a semiconductor material whose band gap is slightly lower than 
that of the surrounding cladding layers. 
[G. P. Agrawal, and N. K. Dutta, Long-wavelength Semiconductor Lasers, New York: Van 
Nostrand Reinhold, 1986.] 
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Fig. 1.2 Schematic illustration of the simultaneous confinement of the charge carriers and 
the optical mode to the active region occurring in a double-heterostructure semiconductor 
laser.  The active layer has a lower band gap and a higher refractive index than those of the 
cladding layers. 
[H. C. Casey, Jr., and M. B. Panish. Heterostructure Lasers, Parts A and B. New York: 
Academic Press, 1978.] 
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Fig. 1.3 Basic p+nn+ laser structure showing the stripe geometry contact which confines the 
active portion of the junction to a narrow region.  The xyz axes are also defined. 
[J. C. Dyment, “Hermite-gaussian Mode Patterns in GaAs Junction Lasers,” Appl. Phys. Lett. 
10, 84 (1967).] 
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Fig. 1.4 Two types of diode lasers with strong transverse confinement: (a) a gain-guided laser 
with poor lateral confinement; (b) an index-guided laser for strong lateral confinement.  The 
current flow is laterally restricted by a strip of width w. 
[Peter Vasil’ev, Ultrafast Diode Lasers: Fundamentals and Applications, Boston: Artech 
House Publishers, 1995] 
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Fig. 1.5 Energy-band diagram of a p-n junction at (a) zero bias and (b) forward bias. (c) 
Schematic representation of the electron and hole densities under forward bias.  Radiative 
recombination of electrons and holes in the narrow overlapping region generates light. 
[G. P. Agrawal, and N. K. Dutta, Long-wavelength Semiconductor Lasers, New York: Van 
Nostrand Reinhold, 1986.] 
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Fig. 1.6 Energy-band diagram of a double-heterostructure semiconductor laser at (a) zero bias 
and (b) forward bias.  (c) The band-gap discontinuities at the two heterojunctions help to 
confine electrons and holes inside the active region, where they recombine to produce light. 
[G. P. Agrawal, and N. K. Dutta, Long-wavelength Semiconductor Lasers, New York: Van 
Nostrand Reinhold, 1986.] 
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Fig. 1.7 Dielectric waveguiding in a heterostructure semiconductor laser.  The relatively 
higher refractive index ( 2 1μ μ> ) of the active layer allows total internal reflection to occur at 
the two interfaces for angles such that 1 2sinθ μ μ> . 
[G. P. Agrawal, and N. K. Dutta, Long-wavelength Semiconductor Lasers, New York: Van 
Nostrand Reinhold, 1986.] 

 

Fig. 1.8 Schematic illustration of (a) spontaneous-emission and (b) stimulated-emission 
processes wherein an electron-hole pair recombines to generate a photon.  In the case of 
stimulated emission the two outgoing photons match in their frequency and direction of 
propagation. 
[G. P. Agrawal, and N. K. Dutta, Long-wavelength Semiconductor Lasers, New York: Van 
Nostrand Reinhold, 1986.] 
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Fig. 1.9 Experimental setup.  PC: polarization controller; SMF: single mode fiber; APD: 
avalanche photodiode; EDFA: erbium-doped fiber amplifier; BERT: bit-error tester. 
[C. W. Chow, C. S. Wong, H. K. Tsang, “All-optical NRZ to RZ format and wavelength 
converter by dual-wavelength injection locking,” Opt. Commun. 209, 329 (2002).] 

 
 
 

Fig. 1.10 Experimental setup for NRZ-to-PRZ converter; EDFA: erbium-doped fiber 
amplifier; PC: polarization controller; OBF: optical bandpass filter; PBS: polarization beam 
splitter. 
[Y. D. Jeong, H. J. Lee, H. Yoo, and Y. H. Won, “All-optical NRZ-to-PRZ converter at 10 
Gb/s based on self-phase modulation of Fabry-Perot laser diode,” IEEE Photon. Technol. Lett. 
16, 1179 (2004).] 
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Fig. 1.11 Experimental setup.  The gain-switched DFB3 is used to manipulate the gain in 
SOA1 and SOA2. 
[J. P. R. Lacey, M. V. Chan, R. S. Tucker, A. J. Lowery and M. A. Summerfield, “All-optical WDM to 
TDM transmultiplexer,” Electron. Lett. 30, 1612 (1994).] 

 
(a) 

 
(b) 

Fig. 1.12 (a) All-optical WDM-to-TDM node incorporating the modular functions of: (1) 
NRZ-to-RZ conversion; (2) extinction ratio enhancement; and (3) wavelength shifting.  (b) 
Conceptual operation of the WDM-to-TDM node. 
[D. Norte and A. E. Willner, “Demonstration of an all-optical data format transparent 
WDM-to-TDM network node with extinction ratio enhancement for reconfigurable 
WDM networks,” IEEE Photon. Technol. Lett. 8, 715 (1996).] 
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Chapter 2 
Theory of Threshold Current Reduction 
under External Light Injection Locking 

 

2.1 Introduction 
In this chapter we attempt to develop the theory about the threshold current reduction in 

semiconductor lasers under external light injection based on phenomenological arguments.  

By operating a Fabry-Perot laser diode in the condition of the external light injection 

locking, we can observe the phenomenon of the threshold current reduction through the 

L-I (light-current) curve measurement.  Such a threshold current reduction is mainly 

attributed to injection locking in semiconductor lasers, which is a promising method to 

synchronize one or more free-running lasers to a master laser [107, 108].  Injection 

locking can be applied to ensure single mode operation [109], to generate optical 

frequency and phase modulation [110, 111], and to reduce the spectral width [112].  In 

addition, it can also be exploited to study the static and dynamic properties of the 

semiconductor lasers [113, 114]. 

From a fundamental point of view, the change of the lasing threshold current due to 

injection locking [115] is very important.  It provides a tool to monitor the spontaneous 

emission into the laser mode and interplay between the charge carrier generation and 

recombination as both of them depend on the frequency, phase and intensity of the injected 

signal and the operating point of the laser. 

Sharfin and Dagenais [116] predicted that optical injection does not lower the lasing 

threshold, since the optical light injection can only decrease the gain from the zero field 

value.  In their work they had calculated the threshold current using the rate equation 
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approach.  But they neglected the spontaneous emission part.  The threshold current was 

taken when the average gain in the cavity becomes equal to the average loss rate.  

However, in 1994, Li [117] predicted that the gain is enhanced and hence threshold is 

decreased by including the spontaneous emission term.  The behavior is quite 

complicated, especially for single mode diode lasers, where the linewidth enhancement 

factor and the cavity resonance dependence on the injected signal are more prominent. 

The reduction of the threshold current was demonstrated experimentally for the first 

time by Sivaprakasam and Singh [118].  They used two identical and single-moded 

AlGaAs laser diodes (SDL 5412-H1), whose emitting wavelength is around 850 nm.  The 

one used for this study is termed the slave laser and the other providing the injected signal 

is termed the master laser.  Both lasers are driven by ultra-low-noise current sources and 

temperature controlled by thermo-electric controllers to a precision of 0.01 K.  As shown 

in Fig. 2.1, it is obvious that there is a reduction in the threshold current [118].  The 

threshold current taken is the point where there is sharp increase in the laser output.  The 

injected power in this study is much less than the total increases hence there is a net 

increase in the gain.  It is noted that the difference in power, which is proportional to the 

total gain change, was shown to have a maximum as the bias current approaches the 

threshold. 

In Section 2.2, we introduce a phenomenological approach [119] to diode lasers.  From 

a water reservoir model, we can derive a set of rate equations to describe the dynamics of 

carriers and photons.  Furthermore, we adopt Li’s theory and consider the influence of 

the external light injection locking on the threshold current reduction in Section 2.3.  

These derivations are shown that the external light injection locking can reduce the 

threshold current of a semiconductor lasers. 
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2.2 A Phenomenological Approach to Diode Lasers [119] 
In this section, a phenomenological approach, which is introduced by Coldren and Corzine 

[119], is used to derive the expression of the threshold current in diode lasers.  First, a 

rate equation model is carried out for the flow of charge into double-heterostructure (DH) 

active regions and its subsequent recombination.  Some electron-hole pairs recombine 

and generate photons by spontaneous emission, as shown in Fig 2.2a.  This incoherent 

light by spontaneous emission is important in light-emitting diodes (LEDs).  In 

subsequent subsection, we will derive the relevant equations governing LED operation for 

integrity of the theory.  Furthermore, we provide a systematic derivation of the dc 

light-current characteristics of diode lasers.  We begin from the development of the rate 

equation for photon generation and loss in a laser cavity.  It shows that only a small 

portion of the spontaneously generated light contributes to the lasing mode.  Most of the 

lasing light comes from the stimulated recombination of carriers.  Such a stimulated 

carrier recombination/photon generation process, as shown in Fig. 2.2c, is a gain process.  

Next, the threshold gain, which is used to compensate for cavity losses, is studied.  The 

current required to reach this gain is called the threshold current, and it is shown to be the 

current necessary to supply carriers for the unproductive nonradiative and spontaneous 

recombination processes, which clamp at their threshold value as more current is applied. 

Above threshold, all additional injected carriers are recombined in the active region to 

contribute to photons in the lasing mode by a stimulated recombination process.  A fraction 

escape through the mirrors; others are absorbed by optical losses in the cavity. 

Finally, we introduce the modulation of lasers in Subsection 2.2.6.  Under 

small-signal modulation, the rate equations for carriers and photons are found to be 

analogous to the differential equations that describe the current and voltage in an RLC 

circuit.  Thus, the optical modulation response is found to have a resonance and to fall 
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off rapidly above this frequency.  These derivations in Section 2.2 are prepared to obtain 

the injection-locking-induced reduction in the threshold current and the enhancement in 

the natural resonance frequency in FPLDs. 

 

2.2.1 Carrier Generation and Recombination in Active Region 

In a diode laser or LED, it is desirable to have all of the injected current contribute to 

electrons and holes which recombine in the active region.  However, in practice only a 

fraction, iη  (i.e., internal quantum efficiency), of the injected current, I , does contribute such 

carriers.  Figure 2.3 illustrates the process of carrier injection into a double-heterostructure 

active region. 

The active region, where carriers are recombined to provide useful gain and photon 

emission, is usually the lowest bandgap region within the depletion region of a pin diode for 

efficient injection.  However, it is occasionally convenient to include some of the 

surrounding intermediate bandgap regions.  In the active region, there may be photon 

emission and even gain at some undesired wavelength elsewhere in the device.  It is 

important to realize that the active region includes all of the injected carriers, not just carriers 

that recombine radiatively at the desired transition energy.  The active regions analyzed here 

are undoped or lightly doped, so that under high injection levels relevant to LEDs and lasers, 

the electron density equals the hole density, i.e., n p= in the active region due to charge 

neutrality.  Therefore, for the simplicity, we proceed with our analysis by specifically 

tracking only the electron density, n . 

The carrier density in the active region is governed by a dynamic process.  Here, 

we use a water reservoir, which is being simultaneously filled and drained, to simulate 

the process of establishing a certain steady-state carrier density in the active region of 

the diode lasers, as shown schematically in Fig. 2.4.  As we proceed, the various filling 
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(generation) and drain (recombination) terms illustrated will be defined.  The current 

leakage illustrated in Fig. 2.4 contributes to current reduction ( )1 i Iη−  and is created by 

possible shunt paths around the active region.  The carrier leakage, lr , is due to carriers 

“splashing” out of the active region (by thermionic emission or by lateral diffusion if no 

lateral confinement exists) before recombining.  Thus, this leakage contributes to a loss 

of carriers in the active region that could otherwise be used to generate light. 

For the DH active region, a generation term is provided by the injected current into the 

active region, i Iη , and recombination terms are provided by various radiative and 

nonradiative recombination processes as well as carrier leakage.  Therefore, we have the rate 

equation as 

gen rec
dn G R
dt

= −  (2.1) 

where genG is the rate of injected electrons and recR is the rate of recombining electrons per unit 

volume in the active region.  Since there are i I qη electrons per second being injected into 

the active region, we can write the rate of injected electrons per unit volume as 

i
gen

IG
qV
η

=  (2.2) 

where V is the volume of the active region. 

The recombination process is a bit more complicated, since several mechanisms must be 

considered, including: 

1. a spontaneous recombination rate, spr (see Fig. 2.2a). 

2. a nonradiative recombination rate, nrr (see Fig. 2.2a).   

3. a carrier leakage rate, lr (see Fig. 2.4) due to the transverse and/or lateral potential 

barriers not sufficiently high. 
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4. a net stimulated recombination, str , including both stimulated absorption and 

emission (Figs. 2.2b and 2.2c). 

Thus, the recombination process can be written as 

rec sp nr l stR r r r r= + + +  (2.3) 

The first three terms sp nr lr r r+ + on the right-hand side of the equation refer to the natural or 

unstimulated carrier decay processes.  The fourth one, str , requires the presence of photons.  

It is common to describe the natural decay processes by carrier lifetime,τ .  In the absence 

of photons or a generation term, the rate equation for carrier decay is just, dn dt n τ= − , 

where sp nr ln r r rτ ≡ + + .  This natural decay can be expressed in a power series of the 

carrier density, n , since each of the terms depends upon the existence of carriers.  Thus, Eq. 

(2.3) can be rewritten in several ways. 

( )2 3

rec sp nr l st

st

st

R r r r r

n r

Bn An Cn r
τ

= + + +

= +

= + + +

 

 

 

(2.3a) 

It has been found that 2
spr Bn∼ and ( )3

nr lr r An Cn+ +∼ .  The coefficient B is called the 

bimolecular recombination coefficient, and it has a magnitude, 10 310  cm sB −∼  for most 

AlGaAs and InGaAsP alloys.  The carrier lifetime,τ , is not independent of n in most 

circumstances.  By using the second equivalent expression for recr in Eq. (2.3a), the carrier 

rate equation may be expressed as 

i
st

Idn n r
dt qV

η
τ

= − −  (2.4) 

In the absence of a large photon density, such as in a laser well below threshold or in most 

LEDs, it can be shown that str  can be neglected.  Equation (2.4) is expressed as 
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  (for LEDs or lasers well below threshold)i Idn n
dt qV

η
τ

= −   (2.4a) 

Figure 2.4 illustrates each of these terms in our reservoir analogy, explicitly showing 

“leaks,” spr , nrr , and lr  for n τ .  

  

2.2.2 Spontaneous Photon Generation in LEDs 

Before proceeding with the consideration of lasers, where str will become a dominant term 

above threshold, some understanding of the situation where the photon density is 

relatively low, such as in an LED where no feedback is present to provide for the build-up 

of a large photon density, is studied first.  This case is actually similar to a laser below 

threshold, in which the gain is insufficient to compensate for cavity losses, and generated 

photons do not receive net amplification. 

 The spontaneous photon generation rate per unit volume is exactly equal to the 

spontaneous electron recombination rate, spr , since by definition every time an 

electron-hole pair recombines radiatively, a photon is generated. (Again, n equals the 

density of electron-hole pairs as well as electrons for relatively light doping).  Under 

steady-state conditions ( 0dn dt = ), the generation rate equals the recombination rate, i.e., 

from Eqs. (2.2) and (2.3), with 0str ≈ , 

i
sp nr l

I r r r
qV
η

= + +   
(2.5) 

The spontaneously generated optical power, spP , is obtained by multiplying the 

number of photons generated per unit time per unit volume, spr , by the energy per 

photon, hν , and the volume of the active region,V .  We could solve Eq. (2.5) for spr , but 
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since the exact dependence of nr lr r+ on current I is unknown, this leads only to a 

parametric equation.  Therefore, a radiative efficiency, rη , is introduced as 

sp
r

sp nr l

r
r r r

η =
+ +

  (2.6) 

We must not forget that rη usually depends upon carrier density somewhat.  Then, 

from Eqs. (2.5) and (2.6), we have 

sp sp r i
hP h Vr I
q
νν η η

⎛ ⎞
= = ⎜ ⎟

⎝ ⎠
  (2.7) 

The product of i rηη is sometimes referred to as the LED internal efficiency.  

However, we shall not use this definition here, since it can lead to serious confusion when 

we move on to lasers.  As we shall see, only iη appears in the laser output power, and we 

have called it alone the internal efficiency.  If we are interested in how much power the 

LED emits into some receiving aperture, LEDP , we must further multiply spP by the net 

collection efficiency, cη , experienced in transmitting photons out of the semiconductor and 

into this aperture.  This is typically relatively low (< 10%) for most LEDs, because the 

light is emitted in all directions, and much of it is totally reflected at the semiconductor-air 

interface.  This situation is illustrated in Fig. 2.6. 

As indicated by Fig. 2.6, much of the light is reflected back toward the active region 

rather than being coupled out of the semiconductor chip.  A possible consequence is the 

regeneration of new carriers by the reabsorption of this light.  In properly designed LEDs 

this “photon recycling” can greatly increase their efficiency, yielding an effective 10%cη > .  

The product of the three efficiencies (fraction of carriers injected into the active region, 

fraction of these recombining radiatively, and the fraction of those usefully coupled out) 
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gives the external LED quantum efficiency, exη .  That is, 

LED c r i ex
h hP I I
q q
ν νη η η η= =   (2.8) 

Thus, ignoring the slight dependence of exη on I , we see that the power coupled from 

an LED is directly proportional to the drive current.  The external LED quantum 

efficiency, exη , is the number of photons coupled to the receiving aperture per electron 

flowing into the LED. 

The frequency response of the LED can also be derived from the carrier rate equation 

(2.4a).  We shall use the theorem that the Fourier transform of the impulse response in the 

time domain gives the frequency response.  An impulse of current is simply a quantity of 

charge, which will establish an initial condition of ( )0 in t n+= = .  For 0t > , the rate 

equation can be written as 

2 3dn n An Bn Cn
dt τ

= − = − − −   (2.9) 

With the polynomial expansion of the recombination rate, we are reminded that the 

carrier lifetime,τ , is generally a function of the carrier density.  If it were independent 

of n , the solution would be a simple exponential decay, and the frequency response would 

be analogous to that of a simple RC circuit in which the 3 dB cutoff frequency, 1cω τ= .  

In order forτ to be constant: 

1. the cubic term must be negligible. 

2. either the linear term, An , must dominate (not good, since this represents 

nonradiative recombination) or the active region must be heavily doped, such that the 

2Bn term which really equals Bnp , can be written as ( )dBp n . 

That is, the p-type doping level, dp , must be greater than the injection level, n , so 
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that d dp p p+ ≈ .  Under these conditions, then, the time response is just a simple 

exponential decay, 

( ) t
in t n e τ−=   (2.10) 

and the frequency response is a Lorentzian function, 

( ) ( )0
1

n
n

j
ω

ωτ
=

+   (2.11) 

which drops to ( )0.707 0n at 1ωτ = .  For ( )sp dr Bp n≈ , the output power, LEDP , which is 

proportional to spr , will also have the same frequency response.  It should be clear that 

the cutoff frequency will be reduced if the carrier lifetime is increased. 

 

2.2.3 Photon Generation and Loss in Laser Cavities 

In analogy with the carrier rate equation, we construct another rate equation for the photon 

density, s , which includes the photon generation and loss terms.  The main photon 

generation term above threshold, which is the regime of interest in lasers, is str .  Every time 

an electron-hole pair is stimulated by a photon to recombine, another photon is generated.  

However, as indicated in Fig. 2.5, since the cavity volume occupied by photons, pV , is usually 

larger than the active region volume occupied by electrons,V , only a portion of photons can 

be used to stimulate the electron-hole pair to recombine and generate another photon within 

the active region.  In another word, the photon density generation rate, str , must be modified 

by adding an electron-photon overlap factor, which is generally referred to as the confinement 

factor, pV VΓ = , before str .  Therefore, in the photon rate equation the photon density 

generation rate is p st stV V r r⎡ ⎤ = Γ⎣ ⎦ .  Sometimes it is convenient to introduce an effective 
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thickness, width, and length that contains the photons, effd , effw , and L , respectively.  That 

is, p eff effV d w L= .  Then, if the active region has dimensions, d , w , and aL , the 

confinement factor can be expressed as, x y zΓ = Γ Γ Γ , where x effd dΓ = , y effw wΓ = and 

z aL LΓ = . 

Photon loss is usually divided into two parts: (1) within the laser cavity it is due to 

optical absorption and scattering out of the mode; (2) it also occurs at the output coupling 

mirror where a portion of the resonant mode is usually coupled to some output medium.  

Here we first deal with the net photon loss by a photon lifetime, pτ , which is like the carrier 

lifetime,τ , in the carrier rate equation.  A photon rate equation can be written as 

 st sp sp
p

ds sr r
dt

β
τ

= Γ + Γ −  (2.12) 

where spβ is the spontaneous emission factor, which is just the reciprocal of the number of 

optical modes in the bandwidth of the spontaneous emission.  As also indicated by Eq. (2.12), 

in the absence of generation terms, st sp spr rβΓ + Γ , the photons decay exponentially with a 

decay constant of pτ . 

Equations (2.4) and (2.12) are two coupled equations that can be solved for the 

steady-state and dynamic responses of a diode laser.  However, in their present form there 

are still several terms that need to be written explicitly in terms of n and s before such 

solutions are possible.  First, we shall deal with the photon density generation rate, str .  As 

mentioned above, a net stimulated recombination, str , including both stimulated absorption 

and emission (Figs. 2.2b and 2.2c), is important.  The positive photon density generation rate 

represents the photon-stimulated net electron-hole recombination which generates more 
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photons.  This is a gain process for photons.  As illustrated in Fig. 2.2, the net effect of the 

upward and downward electronic transitions, corresponding to stimulated absorption and 

emission of photons, respectively, are included.  In Fig. 2.7 we show the growth of photon 

density from an incoming value of s to an exiting value of s s+ Δ as it passes through a small 

length, zΔ , of the active region.  As shown in Fig. 2.7, we can define this growth in terms of 

a gain per unit length, g , by 

 
g zs s se Δ+ Δ =  (2.13) 

If zΔ is sufficiently small, ( ) ( )exp 1g z g zΔ ≈ + Δ .  Also, using the fact that gz v tΔ = Δ , 

where gv is the group velocity, we find that, gs sg z sgv tΔ = Δ = Δ .  Therefore, the photon 

density generation rate can be expressed as 

st g
sr v gs
t

Δ
= =

Δ  (2.14) 

Thus, we can now rewrite the carrier and photon density rate equations, 

i
g

Idn n v gs
dt qV

η
τ

= − −  (2.15) 

g sp sp
p

ds sv gs r
dt

β
τ

= Γ + Γ −  (2.16) 

Of course, we still have not made all the substitutions necessary to directly solve the two 

equations simultaneously.  In general, the gain as a function of carrier density can be 

approximated by a straight line (see Fig. 2.8), at least under small-signal conditions.  The 

gain can be expressed as 

( )trg a n n≈ −  
(2.17) 

where the slope a is the differential gain (or gain coefficient), g n∂ ∂ , and trn is the injected 

carrier density required to achieve transparency (i.e., 12 21r r= ), which is called the 
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transparency carrier density.  Of course, we also know that n τ  can be replaced by the 

polynomial 2 3An Bn Cn+ + , where the terms estimate defect, spontaneous ( spr ), and Auger 

recombination, respectively. 

  

2.2.4 Threshold or Steady-State Gain in Lasers 

Now, we will explicitly express the photon lifetime, pτ , in terms of the losses associated with 

optical propagation along the cavity and the cavity mirrors.  Also, we show that the net loss 

of some mode gives the value of net gain required to reach the lasing threshold. 

The optical energy of a modern diode laser propagates in a dielectric waveguide mode 

which is confined both transversely and laterally as defined by a normalized transverse 

electric field profile, ( ),U x y .  In the axial direction this mode propagates as ( )exp j zβ− , 

where β is the complex propagation constant which includes any loss or gain.  Thus, the 

time- and space-varying electric field can be written as 

( ) ( )
0 , j t zE U x y e ω β−

= yeE  
(2.18) 

where ye is the unit vector indicating TE polarization and 0E is the magnitude of the field.  

The complex propagation constant, β , includes the incremental transverse modal gain,
xy

g  

and internal modal loss, i xy
α .  That is, 

( )2i ixy xy

jj gβ β β β α= + = + −  (2.19) 

where the real part of β ; 2 nβ π λ= , and n is an effective index of refraction for the mode.  

The transverse modal gain,
xy

g , and loss, i xy
α , are found from weighted averages of the 

gain and loss, respectively, across the mode shape, ( ),U x y .  The factor of 1
2

in this equation 
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is due to that the gain,
xy

g , and loss, i xy
α both are related to power.  In general, we can 

let xyxy
g g= Γ , where xyΓ is the transverse confinement factor, if ( ),g x y  is constant across 

the active region and zero elsewhere.  Also, for notational convenience, we shall 

let i ixy
α α= . 

As illustrated in Fig. 2.9, most laser cavities can be divided into two general sections: an 

active section of length aL and a passive section of length pL .  Also, g and iα will clearly be 

different in these two sections.  In the passive section, by definition 0g = , and iα can be 

given a second subscript to designate its location.  The propagation mode is reflected by end 

mirrors, which have amplitude reflection coefficients of 1r and 2r , respectively, to provide a 

resonant cavity.  The amount transmitted is potentially useful output. 

When the gain of a mode in the active section is increased to the point where all the 

propagation and mirror losses are compensated, the mode of the laser is to reach threshold, i.e., 

the electric field exactly replicates itself after one round-trip in the 

cavity, ( ) ( )2 0z L z= = =E E .  We have 

22
1 2 1ppthaath j Lj Lr r e e ββ −− =  

(2.20) 

The subscript th denotes that this characteristic equation only defines the threshold value 

of β .  Using Eq. (2.19), we can rewrite Eq. (2.20) into two equations for its magnitude and 

phase.  For the magnitude, 

( )
1 2 1xy th ia a ip pg L Lr r e eα αΓ − − =  

(2.21) 

where we have chosen reference planes to make the mirror reflectivities real.  Solving for 

xy th ag LΓ  we obtain 
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1 2

1ln

1ln

xy th a ia a ip p

ia a ip p

g L L L
r r

L L
R

α α

α α

⎛ ⎞
Γ = + + ⎜ ⎟

⎝ ⎠
⎛ ⎞= + + ⎜ ⎟
⎝ ⎠

 

(2.22) 

where R  is the mean mirror intensity reflection coefficient.  For cleaved facet lasers based 

upon GaAs or InP, 0.32R ∼ .  Dividing Eq. (2.22) by the total cavity length, L , realizing that 

xy a xy zL LΓ ≈Γ Γ = Γ (exact for aL λ ), and defining the average internal loss 

( )ia a ip pL L Lα α+ as iα , we have 

1 1lnth i i mth
g g

L R
α α α⎛ ⎞= Γ = + = +⎜ ⎟

⎝ ⎠
 (2.23) 

where ( ) ( )1 ln 1m L Rα ≡  is the mirror loss term.  Noting that the photon decay 

rate, ( )1 1 1p i m g i mvτ τ τ α α= + = + , Eq. (2.23) can be rewritten as 

1
th i m

g p

g
v

α α
τ

Γ = + =  (2.24) 

On the other hand, for the phase part of Eq. (2.20), ( ) ( )exp 2 exp 2 1tha a thp pj L j Lβ β = , 

requires that tha a thp pL L mβ β π+ = , which gives a condition on the modal wavelength 

2
a pth a pn L n L

m
λ ⎡ ⎤= +⎣ ⎦  (2.25) 

where m is the longitudinal mode number.  It should also be realized that n varies with 

wavelength ( n λ∂ ∂ , dispersion), and it is generally also dependent upon the carrier density 

( n n∂ ∂ , plasma loading).  That is, to determine n at a wavelength 0λ λ λ= + Δ  and a carrier 

density, 0n n n= + Δ , we have 
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( ) ( )0 0, , n nn n n n n
n

λ λ λ
λ

∂ ∂
= + Δ + Δ

∂ ∂  (2.26) 

Typically, 11n mλ μ −∂ ∂ −∼ , and 20 310xy A xyn n n n cm−∂ ∂ ≈ Γ ∂ ∂ −Γ∼ , where An is the 

index in the active region.  Using Eqs. (2.25) and (2.26) we can find the wavelength 

separation between two modes, m and 1m + , to be 

( )
2

2 ga gpa pn L n L
λδλ =

+  
(2.27) 

where the group effective index for the jth section, ( ) ( )gj j jn n n n nλ λ ω ω= − ∂ ∂ = + ∂ ∂ .  

The group index in semiconductors is typically 20-30% larger than the index of refraction, 

depending on the specific wavelength relative to the band edge.  From experiments, the 

values of gn for the active sections of GaAs and InGaAsP DH in-plane lasers are near 4.5 

and 4, respectively. 

Finally, it is important to note that the steady-state gain in a laser operating above 

threshold must also equal its threshold value as given by Eq. (2.23).  That is, in a laser 

cavity, 

( )  (steady state)th thg I I g> =  
(2.28) 

If the gain were higher than thg , then the field amplitude would continue to increase 

without bound, and this clearly cannot exist in the steady state.  Furthermore, since the gain 

is monotonically related to the carrier density, this implies that the carrier density must also 

clamp at its threshold value.  That is, 

( ) (steady state)th thn I I n> =  (2.29) 

In fact, what happens when the current is increased to a value above threshold is that the 

carrier density and gain initially (for on order of a nanosecond) increase to values above their 



 43

threshold levels, and the photon density, s , grows.  But then, the stimulated recombination 

term st gr v gs=  also increases, reducing the carrier density and gain until a new steady-state 

dynamic balance is struck where Eqs. (2.28) and (2.29) are again satisfied.  In other words, 

from Eq. (2.15) the stimulated recombination term str depletes all additional carrier injection 

above threshold.  According to the reservoir analogy depicted in Fig. 2.10, the water level 

has reached the spillway and any further increase in input goes over the spillway without 

increasing the water depth.  Of course, the spillway represents stimulated recombination, str .  

Figure 2.11 summarizes this carrier clamping effect in a laser cavity.  The physics of 

the  . g vs n curve never changes.  It is noted that the feedback effect causes the carrier density 

to clamp, in order to keep the gain at its threshold value. 

 

2.2.5 Threshold Current and Output Power vs. Current 

Although the rate equations (2.15) and (2.16) are valid both above and below threshold, we 

shall piece together a below-threshold LED characteristic with an above-threshold laser 

characteristic to construct the output power vs. current in for a diode laser.  The LED part is 

already largely complete with Eq. (2.8).  Thus, we shall here concentrate on the above 

threshold laser part.  The first step is to use the below threshold steady-state carrier rate 

equation, Eq. (2.5), almost at threshold.  That is,  

( )i th th
sp nr l th

I nr r r
qV

η
τ

= + + =  (2.30) 

Then, recognizing that ( ) 2 3
sp nr lr r r Bn An Cn+ + = + + depends monotonically on n , from 

Eq. (2.29) we know that the carrier density will clamp above threshold, resulting 

in ( )sp nr lr r r+ + will also clamp at its threshold value, as shown in Eq. (2.30).  Thus, we can 

substitute Eq. (2.30) into the carrier rate equation, Eq. (2.15), to obtain a new 
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above-threshold carrier rate equation, 

( ) ( )th I > Ith
i g

I Idn v gs
dt qV

η
−

= −  (2.31) 

where we have assumed iη is independent of current above threshold.  From Eq. (2.31), 

under a steady-state condition ( )0d dt = , we can obtain  photon density, s , above 

threshold.  That is, 

( ) ( )strady statei th

g th

I I
s

qv g V
η −

=  (2.32) 

When the photon density in the cavity is obtained, we can further to calculate the 

output power of the laser.  First, we first construct the stored optical energy in the 

cavity, osE by multiplying the photon density, s , by the energy per photon, hν , and the 

cavity volume, pV .  That is, os pE sh Vν= .  Then, the power lost at mirror sides is the 

output power obtained.  Therefore, we can obtain the output power by multiplying the 

stored optical energy in the cavity by the energy loss rate through the mirrors, 1g m mv α τ= , 

to get the optical output power put from the mirrors, 

0 g m pP v sh Vα ν=  (2.33) 

Substituting from Eqs. (2.32) and (2.24), and using pV VΓ = , in Eq. (2.33), 

( ) ( )0 th I > Im
i th

i m

hP I I
q

α νη
α α

⎛ ⎞
= −⎜ ⎟⎜ ⎟+⎝ ⎠

 (2.34) 

Now, by defining 

i m
d

i m

η αη
α α

=
+  (2.35) 

we can simplify Eq. (2.34) to be 
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( ) ( )0 th  I > Id th
hP I I
q
νη= −  (2.36) 

Equation (2.36) represents the total output power of both mirrors.  If the mirrors have 

equal reflectivity, then exactly half will be emitted out of each.  If one is totally reflecting, 

then all will be emitted out the other.  On the other hand, if the mirrors have partial but 

unequal reflectivity, the fraction emitted from each is a nontrivial function.  Equation 

(2.36) also shows that the output power above threshold is a linear function of the current 

above threshold.  This is true regardless of our assumptions about the form of the 

gain-current relationship or the nature of the nonradiative recombination mechanisms.  

The assumptions necessary for this P-I  linearity are that the gain-current relationship, the 

internal efficiency, the confinement factor, and the cavity losses remain constant. 

To determine dη , we can compare the calculated result of Eq. (2.36) to a 

measurement.  Postulating that it might be related to a quantum efficiency, we calculate a 

differential quantum efficiency, defined as the number of photons out per electron in from 

a measured P-I characteristic.  As shown in Fig. 2.12, the differential quantum efficiency 

would be found by measuring the slope [ ]0P IΔ Δ  in watts/amp above threshold 

(including output from both ends) and then multiplying this number by [ ]q hν in 

Coulombs/joule to get an empirical number of photons per electron equal to[ ][ ]0P I q hνΔ Δ .  

Now, if we take the derivative with respect to current of Eq. (2.36), and solve for dη , we 

get the same result.  This shows that dη  is indeed the differential quantum efficiency.  

To repeat then, 

( )0
th I > Id

dPq
h dI

η
ν

⎡ ⎤= ⎢ ⎥⎣ ⎦
 (2.37) 
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The region in Fig. 2.12 below threshold ( )thI < I  can be approximated by neglecting the 

stimulated emission term in Eq. (2.16) and solving for s , again under steady-state 

conditions.  In this case we find that 

( )th  I < Isp sp ps rβ τ= Γ  (2.38) 

Using Eqs. (2.38), (2.23), (2.6), and (2.5) in Eq. (2.33), we get the spontaneous emission 

into the laser mode as 

( )0
m

th r i sp
i m

hP I I I
q

α νη η β
α α

⎛ ⎞
< = ⎜ ⎟⎜ ⎟+⎝ ⎠

 (2.39) 

Comparing this to the LED expression of Eq. (2.8) shows that ( )c m sp i mη α β α α= + as 

might have been expected. 

At threshold the spontaneous emission clamps as the carrier density clamps since spr  

depends upon n .  Thus, as the current is increased above threshold, the spontaneous 

emission noise remains constant at the value of Eq. (2.39) with thI I= , while the coherent 

stimulated emission power grows according to Eq. (2.36).  This results in a gradual 

reduction in the linewidth of the output wavelength as the power is increased. 

Equation (2.36) gives the output power in terms of the additional current applied 

above threshold.  The proportionality factors are constants involving the cavity losses, 

the lasing wavelength, and the internal efficiency.  To design lasers for minimum current 

at a given output power, we also need an analytic expression for the threshold current.  We 

have the threshold modal gain, thgΓ , in terms of the cavity losses [see Eq. (2.24)], and we 

have suggested that the gain can be related to the carrier density by either an approximate 

linear [see Eq. (2.17)], or more accurate logarithmic relationship.  The threshold current 

is also related to the threshold carrier density via the recombination rates, which can be 

expressed as a polynomial in n , e.g., Eq. (2.30). 
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Furthermore, it is shown that the gain vs. carrier density can be well approximated by 

a simple three-parameter logarithmic formula. 

0 ln s

tr s

n ng g
n n

+′=
+  (2.40) 

In this approximation, 0g′ is an empirical gain coefficient, trn is the transparency carrier 

density, and sn is a shift to force the natural logarithm to be finite at 0n = such that the gain 

equals the unpumped absorption.  However, if we restrict our attention to positive 

gains, 0g ≥ , Eq. (2.40) can be further approximated as 

( )0 ln   g 0
tr

ng g
n

= ≥  (2.41) 

with a new gain coefficient 0g .  In this case the differential gain, 0g n g n∂ ∂ = .  

Generally, trn and g n∂ ∂ will be quite different for bulk, quantum-well, and strained-layer 

quantum-well active regions.  This is the basis for many of the arguments for and against 

certain of these structures.  Figure 2.13 illustrates schematically the modal gain vs. 

carrier density with some of the relevant parameters labeled.  The point where a line 

from the origin is tangent, which represents the maximum gain per unit carrier density 

injected, is simply given by the coordinates, 0gΓ , tren , with the assumed analytic 

approximation, Eq. (2.41). 

Fitting Eq. (2.41) to numerical gain plots, a strained 
o

80A InGaAs/GaAs quantum well 

yields 1
0 2100g cm−∼  and 18 31.8 10trn cm−×∼ ; and an 

o
80A GaAs quantum well gives 

1
0 2400g cm−∼  and 18 32.6 10trn cm−×∼ .  For InP substrate cases, a strained 

o
30A  

InGaAs/InP gives 1
0 4000g cm−∼ and 18 33.3 10trn cm−×∼ ;  and an unstrained 

o
60A InGaAs 

quantum well gives 1
0 1800g cm−∼ and 18 32.2 10trn cm−×∼ . 
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Now we can combine Eqs. (2.24) and (2.41) to get the threshold carrier density, 

( ) 00 i mth gg g
th tr trn n e n e α α+ Γ= =  (2.42) 

Using the polynomial fit for the recombination rates in Eq. (2.30), and recognizing that for 

the best laser material the recombination at threshold is dominated by spontaneous 

recombination, we have, 2
th th iI Bn qV η≅ .  Thus, 

( ) 0

2
2 i m gth tr

th
i i

qVn qVBnI e α α

η τ η
+ Γ= ≅  (2.43) 

where for most III-Vs of interest the bimolecular recombination 

coefficient, 10 310 /B cm s−∼ . 

Equations (2.36) and (2.43) can now be used for a closed-form expression of output 

power vs. applied current.  However, since we are usually trying to minimize the current 

needed for a given required power from one mirror, 01P , we solve for I . 

( ) ( ) 0

2
201

1

i m gi m tr

i m i

qP qVBnI e
F h

α αα α
η να η

+ Γ+
≅ +  (2.44) 

where the first term is the additional current required above threshold to obtain power 01P  

from Eq. (2.36), and the second term is the threshold current, or Eq. (2.43).  The 

factor 1F is the fraction of the total output power coming out of mirror 1. 

Equations (2.43) and (2.44) give reasonable accuracy in simple analytic expressions 

which correctly show that it is always desirable to reduce the transparency value and 

increase the differential gain of the active material.  Both points argue in favor of using 

quantum-well, especially strained-layer quantum-well, active regions.  Relative to the 

cavity design, the equations also indicate that it is desirable to reduce the cavity loss 

( )i mα α+  and volume,V , subject to retaining a reasonably large confinement factor, Γ .  

Thus, the merits of using vertical-cavity surface emitters or short-cavity in-plane lasers 
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with coated facets are also suggested. 

Due to the exponential dependence on 0thg g in Eqs. (2.43) and (2.44), it may be 

beneficial to use more than one quantum well to increase Γ in a quantum-well laser.  This 

dependence is a result of the saturation of the gain as the carrier density is increased to 

nearly fill the lowest set of states.  Thus, by distributing the carriers over wN wells, the gain 

per well is reduced by less than wN times, but the modal gain is still multiplied by 

nearly wN times this value.  For such multiple quantum-well (MQW) lasers Eqs. (2.43) and 

(2.44) are still valid but one must be sure to multiply the single-well confinement factor, 1Γ , 

and volume, 1V , by the number of wells, wN .  That is, for an MQW laser, from Eq. (2.43) 

or the second term in Eq. (2.44), one can explicitly write 

( ) 1 0

2
21 i m wN gw tr

thMQW
i

qN V BnI e α α

η
+ Γ≅  (2.45) 

Here, we have assumed a separate confinement waveguide, so that the optical mode does 

not change significantly as more wells are added.  Also, the number of wells is limited to 

the number that can be placed near the maximum of the optical mode.  The optimum 

number of wells is the number that minimizes Eq. (2.45), neglecting nonradiative 

recombination.  With the increased confinement factor we also see that higher powers can 

be obtained efficiently without moving too far up the gain curve. 

If nonradiative recombination is important at threshold, an additional nonradiative 

threshold current component must be added as outlined earlier.  For the long-wavelength 

InGaAsP/InP materials, nonradiative recombination is known to be very important.  In 

fact, were it not for such recombination, the threshold current densities of lasers using 

such materials would be lower than those using GaAs quantum wells, as indicated by the 

gain parameters listed after Eq. (2.41).  If such higher-order nonradiative carrier 

recombination is important at threshold, one must add another component to the threshold 
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current due to the 3
thCn term in the recombination rate.  Then, Eqs. (2.43) and (2.44) 

should be increased by 

( ) 0

3
3 i m

th

gtr
nr

i

qVCnI e α α

η
+ Γ≅  (2.46) 

where for 1.3 mμ InGaAsP material, the Auger coefficient, 29 63 10 cm /sC −×∼ , and for 

1.55 mμ material it is about two or three times larger.  The cubic dependence 

on thn places more importance on reducing the threshold carrier density in this material 

system.  In fact, this additive Auger term dominates Eq. (2.43) for carrier densities 

above 183 10thn ×∼  or 18 31.5 10thn cm−×∼  at 1.3 and 1.55 mμ , respectively.  This fact 

focuses more attention on reducing cavity losses, ( )i mα α+ , and maintaining a large 

confinement factor, Γ .  With the use of strained-layer InGaAs/InGaAsP or 

InGaAs/InGaAlAs quantum wells on lnP, a considerable improvement is possible, since 

all the parameters affecting thn move in the right direction.  In fact, the Auger 

coefficient, C , may also be reduced due to the splitting of the valence bands. 

 

2.2.6 Relaxation Resonance and Frequency Response 

Here, we use Eqs. (2.15) and (2.16) 

si
g

Idn n v g
dt qV

η
τ

= − −  (2.15) 

g sp sp
p

ds sv gs r
dt

β
τ

= Γ + Γ −  (2.16) 

to briefly outline the calculation of relaxation resonance frequency and its relationship to 

laser modulation bandwidth.  In fact, because of gain compression with increasing 

photon density and possible transport effects, the calculations here are a bit 
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oversimplified, particularly with respect to quantum-well structures.  However, these 

simple equations do seem to work well for standard DH structures, and the method of 

attack for calculating resonance frequency is also instructive for the more complex 

calculations. 

Consider the application of an above-threshold dc current, 0I , superimposed with a 

small ac current, 1I , to a diode laser.  Then, under steady-state conditions the laser’s 

carrier density and photon density would respond similarly, with some possible harmonics 

of the drive frequency,ω , that we shall ignore.  Using complex frequency domain notation, 

0 1

0 1

0 1

j t

j t

j t

I I I e

n n n e

s s s e

ω

ω

ω

= +

= +

= +
 

(2.47) 

Before applying these to Eqs. (2.15) and (2.16), we first rewrite the rate equations using Eq. 

(2.17) for the gain.  This is valid since small-signal conditions are assumed and the gain 

can be well approximated as a straight line over some distance, provided the local slope is 

used.  We also assume the dc current is sufficiently far above threshold that the 

spontaneous emission can be neglected.  That is, 

( )i
g tr

Idn n v a n n s
dt qV

η
τ

= − − −  (2.48) 

( )g tr
p

ds sv a n n s
dt τ

= Γ − −  (2.49) 

Now, after plugging in Eqs. (2.47) for I , n , and s , we recognize that the dc components 

satisfy the steady-state versions of Eqs. (2.48) and (2.49), i.e., with 0d dt → ; and they can 

be grouped together and set to zero.  Next, we recognize that the steady-state gain factors, 

( )tra n n− are just equal to thg , and can be replaced by 1

g pv τ
−

⎡ ⎤Γ⎣ ⎦  according to Eq. (2.23).  
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Finally, we delete the second-harmonic terms that involve 2j te ω , and divide out an j te ω  

common factor.  Then, 

(2.50) 1 1 1
1 1 0

1 1 0

i
g

p

g

I n sj n v an s
qV

j s v an s

ηω
τ τ

ω

= − − −
Γ

= Γ
 

(2.51) 

With the above manipulations we have generated frequency domain equations which can 

easily be solved for the transfer function ( ) ( )1 1s Iω ω . 

Before solving for the transfer function, let’s briefly examine the coupling between the 

small-signal photon density, 1s , and the small-signal carrier density, 1n .  The carrier 

density 1n depends on 1s through the third term in Eq. (2.50), while the photon density 1s  

depends on 1n through Eq. (2.51).  If we view the left-hand sides of these two equations as 

time derivatives, then we observe from Eq. (2.51) that as 1n increases and becomes 

positive, 1s increases in time due to increased gain in the laser.  However, from the third 

term in Eq. (2.50), once 1s becomes positive, it serves to decrease 1n , through increased 

stimulated emission.  As 1n decreases and becomes negative, 1s begins to fall, and once it 

becomes negative, it again produces an increase in 1n .  At this point, the cycle repeats itself.  

This phenomenon produces a natural resonance in the laser cavity which shows up as a 

ringing in the output power of the laser in response to sudden changes in the input 

current.  The natural frequency of oscillation associated with this mutual dependence 

between 1n , and 1s , can be found by multiplying Eqs. (2.50) and (2.51) together, ignoring 

all but the third term on the right-hand side of the first equation: 
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02 g
R

p

v as
ω

τ
=  (2.52) 

This natural resonance frequency is commonly referred to as the relaxation resonance 

frequency, Rω (where relaxation refers to an attempt by the photons and carriers to relax 

to their steady-state values).  It is directly proportional to the square root of the 

differential gain, a , and average photon density, 0s , in the cavity (output power), and 

inversely proportional to the square root of the photon lifetime in the cavity. 

 The relaxation resonance of the laser cavity is much like the natural oscillation of an 

LC circuit.  However, the additional terms present in Eq. (2.50) lead to more of an RLC 

circuit behavior, dampening the resonant response.  The overall modulation frequency 

response including these terms is governed by the small-signal transfer 

function, ( ) ( )1 1s Iω ω .  Solving for 1n in Eq. (2.51), we have 1 1 0gn j s v asω= Γ .  Then 

eliminating 1n from Eq. (2.50), and using 1ac g m pP v s h Vα ν= , we obtain 

( )
( )

( )0

2
1 0 0 1

g m gac i

g p g

v v asP h
I q v as j v as

αω η ν
ω τ ω ω τ

=
⎡ ⎤− + +⎣ ⎦

 (2.53) 

Setting 2
0g R pv aS ω τ= and using Eqs. (2.24) and (2.35) the transfer function can be written 

in another form: 

( )
( ) ( ) ( )2

1 1 1
ac d

R R R p R

P h q
I j

ω η ν
ω ω ω ω ω ω τ ω τ

=
⎡ ⎤− + +⎣ ⎦

 (2.54) 

For sufficiently low modulation frequencies, the denominator reduces to one and Eq. (2.54) 

reduces to the ac equivalent of Eq. (2.36).  For higher modulation frequencies, 

the ( )21 Rω ω− term in the denominator creates a strong resonance in the response.  Figure 

2.14 illustrates the frequency dependence for a wide range of output powers.  Note that 

the resonance is damped at low and high output powers.  This occurs because the 
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imaginary damping term in Eq. (2.54) depends on both Rω and1 Rω .  In fact, we will find 

that inclusion of gain compression and transport effects creates significantly more 

damping than predicted here.  On real laser devices the resonance is typically limited to 

5—10 dB (as opposed to the peak ~25 dB suggested in Fig. 2.14). 

Beyond the strong resonance, the transfer characteristics degrade significantly.  Thus, 

effective modulation of the output power can only be achieved over a modulation 

bandwidth of ~ Rω .  When the damping is small, the electrical 3 dB down frequency , 

i.e., the frequency which reduces the received electrical power to one-half its dc value, is 

given by 3 dB 1 2 Rω ω= + .  Expanding Eq. (2.52) using Eqs. (2.24). (2.33), and (2.35), 

we can express this result in terms of the output power: 

( )
1

2

3 dB 0
1.55   small damping
2

g i

d

v a
f P

h V
η

π ν η
Γ⎡ ⎤

≈ ⎢ ⎥
⎣ ⎦

 (2.55) 

The modulation bandwidth of the laser can be steadily enhanced by increasing the output 

power.  However, increased damping of the resonance at high powers, thermal 

limitations, and high-power mirror facet damage set practical limits on the maximum 

average operating power we can use. 

Since thermal limits are usually associated with the drive current, it is also 

convenient to express Rω in terms of current.  Using Eq. (2.32) for 0s , with thg , given by 

Eq. (2.24), Eq. (2.52) becomes 

( )
1

2
g

R i th

v a
I I

qV
ω η

Γ⎡ ⎤
= −⎢ ⎥

⎣ ⎦
 (2.56) 

In this form we observe that it is desirable to enhance the differential gain, minimize the 

volume of the mode ( 1 pV VΓ = ), and maximize the current relative to threshold for 

maximum bandwidth.  If we want to keep the overall drive current low, then we should 
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also try to minimize the threshold current, perhaps by increasing the facet reflectivity.  If,  

however, we are more concerned about keeping the photon density low (for example, to 

reduce the risk of facet damage), then from (2.52) we should try to decrease the photon 

lifetime instead, perhaps by decreasing the facet reflectivity [refer to Eq. (2.24)]. 

Thus, the optimum cavity design for a high-speed laser depends on what constraints we 

place on the device operation.  In fact, it is found that at very high powers, the maximum 

bandwidth actually becomes independent of Rω , and is more fundamentally related to the 

damping factor (the K-factor) which is affected by gain compression and transport effects. 

 

2.3 Threshold Current Reduction Under External Light 

Injection 
As mentioned in the introduction, in 1994, Li [117] predicted that the gain is enhanced and 

hence threshold is decreased by including the spontaneous emission term.  Later on, in 

1998, Sivaprakasam and Singh [118] demonstrated the threshold current reduction 

experimentally by using two identical, single mode AlGaAs laser diodes (SDL 

5412-H1, =850 nmλ ).  Following the derivations given above, we will derive the 

expression about the threshold current reduction under injection locking condition. 

From Eq. (2.43), in a free-running condition, the threshold current of diode lasers can be 

written as 

th
th

i

qVnI
ητ

=  (2.43) 

Herein, we introduce the concept of the gain compression [120].  The normalized gain of a 

free-running semiconductor laser can be written as 
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( ) ( )( )

( )( )

, 1

1

g p tr s

n tr s

gG n S v n n k S
n

G n n k S

τ∂
= − −

∂
= − −

 
(2.57) 

where n is the carrier density in the active region, g n∂ ∂ is the gain coefficient, gv is the group 

velocity of light, pτ is the photon lifetime, and trn is the transparent carrier density.  The gain 

is also related to the photon number S , in the laser cavity and sk is the nonlinear gain 

coefficient. 

Due to the influence of spontaneous emission, the normalized gain is always less than 

unity, regardless of whether the laser is biased below or above threshold [120].  This gain 

difference can be then expressed as 

( ), 1gD G n S= −  (2.58) 

When external light is injected into the laser, we assume that the carrier density is uin and that 

the photon number is uiS .  Then, the normalized gain is 

( ) ( )( ), 1ui ui n ui tr s uiG n S G n n k S= − −  (2.59) 

Under an injection-locking condition, the laser is biased at or above threshold.  Therefore, 

the gain can be approximately given as [113, 120] 

( ) ( ),
1

ui ui n th tr

n s

G n S G n n G
G n k S

δ≈ − +

= + Δ − Δ  (2.60) 

where thn is the threshold carrier density of the free-running laser, ui ui thn n n n nΔ = − ≈ − is the 

carrier density change due to external light injection, and uiS S SΔ = − .  In this case, we 

have 1Gδ .  Thus, it is possible to apply small-signal analysis.  However, in our case, the 

laser may be biased below threshold.  Normally, Eq. (2.60) cannot be applied to this 

condition.  Fortunately, semiconductor lasers applied to actual systems are not biased far 

below threshold (for example, higher than 95 percent of their threshold).  Therefore, we can 
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use small-signal analysis in the following way: 

( )
( )

, 1

1 ,
ui ui g

g n s

G n S D G

D G n G n S k S

δ≈ + +

= + + Δ − Δ
 

(2.61) 

to include the deviation from threshold, if the injected power is not very large so that 

1 gG Dδ + .  In this section, we shall show that this condition can be satisfied for mast 

actual cases. 

If the cavity resonance frequency of a free-running laser corresponding to the threshold 

carrier density thn is thω , according to Eqs. (2.57) and (2.58), the cavity 

frequency ( )nω corresponding to the carrier density n should obey [120] 

( ) 2th g pn Dω ω α τ= +  (2.62) 

if the laser is not biased far below threshold, whereα is the linewidth enhancement factor.  

As discussed above, when Eq. (2.61) is satisfied, the cavity frequency ( )injnω  considering 

external light injection is [108, 113, 120, 121] 

( ) ( ) 2ui th g n pn D G nω ω α τ= + + Δ  (2.63) 

Equations (2.61) and (2.63) are two basic equations for our analysis. 

Furthermore, by using Eqs. (2.57), (2.58) and (2.62), the electric field E of a free-running laser 

can be written as [120] 

( ) ( )

( )

, 1
2

1 2

th sp
p

G sp

G n SdE j n E E
dt

j D E E

ω ω
τ
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⎧ ⎫−⎡ ⎤⎪ ⎪⎣ ⎦= − + +⎡ ⎤⎨ ⎬⎣ ⎦
⎪ ⎪⎩ ⎭

= + +

i
 (2.64) 

where G g pD D τ= .  The spontaneous emission is accounted for by the noise term spE , which 

is assumed to be a white Gaussian process with the spectral density spR , which can be 

obtained from Eq. (2.16) 
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(2.65) 

For the same reason, considering (2.61) and (2.63), the slowly varying amplitude of the 

complex electric field E in a semiconductor laser with external light injection obeys [108, 113, 

120] 
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with 
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(2.67) 

the gain change due to external light injection, and 

G GT D G= + Δ  (2.68) 

the total gain difference of the laser from the threshold value 1 pτ , where 

N n pG G Vτ= , ( ),S s pG G n S k τ= , N n VΔ = Δ i is the carrier number change due to optical 

injection,V is the volume of the active region, 0ωΔ is the angular frequency detuning between 

the free-running laser and the external field iE , and ck is the coupling coefficient. 
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To include the possible excitation of the neighboring mode with increasing detuning, we 

present a rate equation for the photon number pS in that mode (unlocked mode) as [108] 

( )1p p
sp G p sp

p

dS G S
R T S R

dt τ
−

= + = +
i

i  (2.69) 

Actually, the gain in this mode is different from that in the locked mode.  However, to 

simplify the problem, we assume that they are the same, as done in [108, 113, 114, 121, 122]. 

The equation for the carrier number ui uiN n V= in the active region is 

( )ui ui
ui

p

dN GSI R N
dt q τ

= − −  (2.70) 

where 2
ui ui p L pS E S S S= + = + . 

To compare the theory with experiments, we use the following notation for the carrier 

recombination effect.  That is, ( ) 2 3R N A N B N C N′ ′ ′= + +  with A′ , B′ , and C′  being 

the nonradiative, radiative, and Auger recombination coefficients, respectively [114].  The 

spontaneous emission rate in Eqs. (2.64), (2.66), and (2.69) can therefore be represented as 

2 2
sp sp sp sp spR r V Bn V B N Vβ β β ′= Γ = Γ = Γ . 

As discussed above, when the external field is injected, the carrier number is changed 

from its free-running value N nV= by NΔ .  Therefore, according to Eq. (2.70), the equation 

for NΔ is 

( ) 1
G N S ui

p e

d N NS D G N G S
dt τ τ

⎛ ⎞Δ Δ
= −Δ + + Δ − −⎜ ⎟⎜ ⎟

⎝ ⎠
 (2.71) 

where 1 1e NN G Sτ τ Δ= +  with ( )21 2 3N A B N C Nτ Δ ′ ′ ′= + +  being the differential carrier 

lifetime. 

The static properties of the laser can be obtained according to Eqs. (2.66), (2.69), and (2.71), 

assuming ( ) 0pui dSd N dE
dt dt dt
Δ

= = = [108, 113, 121, 122].  The real and imaginary parts of Eq. 
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(2.66) can be written together as 

( ) ( )
2 2 22

2
0 24 2
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⎣ ⎦
 (2.72) 

where iLS determines the relative strength of the injection.  Equation (2.72) is an expression 

for NΔ .  Formally, the solution of Eq. (2.72) is 
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(2.73) 

According to Eq. (2.73), it is clear that NΔ  has two possible solutions for each value of 

0ωΔ .  Also, this indicates that the gain change GΔ  will have two roots.  These two roots 

give rise to optical bistability, as predicted in [123, 124]. 

As discussed above, small-signal analysis is valid only if the normalized gain 

change Gδ is much less than the normalized gain 1 gD+  [see Eq. (2.61)].  Therefore, we 

present some discussion for the maximum gain change mGδ  due to external light injection.  

Of course, if 1m gG Dδ +  is satisfied, we can apply small-signal analysis. 

The discriminant for Eq. (2.72) should not be less than zero because NΔ must be real.  That is, 

the angular frequency detuning 0ωΔ must satisfy 

( ) ( ) 2

2
01 0

2
S sp L

iL

G S R S
Sα α ω

⎛ ⎞Δ −
⎜ ⎟+ − − Δ ≥
⎜ ⎟
⎝ ⎠

 (2.74) 

Obviously, the gain change GΔ reaches its maximum when the frequency 

detuning 0 0 2f ω πΔ = Δ becomes [113] 

( ) ( )21 2
2

S sp L i
l c

L

G S R S Sf k
S

α
α π

⎡ ⎤Δ −
Δ = − +⎢ ⎥

⎢ ⎥⎣ ⎦
 (2.75) 

This frequency fΔ is called the lower limit of the frequency detuning [113].  Also, the 

maximum gain change due to external light injection, by substituting Eq. (2.75) into Eq. 
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(2.73), is  
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 (2.76) 

where subscript m means the values corresponding to the maximum gain change. 

When the gain difference GD from the threshold value1 pτ is taken into consideration by 

moving the term GD− to the left-hand side of Eq. (2.76) [see Eq. (2.77)], the total gain 

difference G GT D G= + Δ from the threshold value can be increased by the external light 

injection locking.  It is noted that the gain difference GD is important only for the 

free-running laser biased below or far above threshold. 
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 (2.77) 

Thus, the total gain difference GT will be increased under the condition external injection 

locking.  Furthermore, we rewirte Eq. (2.77) by adding the loss rate 1 pτ  to both sides of it: 

Threshold gain for the Total gain difference under Cavity loss rate 
injection-locked laser external injection lockingfor the free-running laser
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(2.78) 

The first term on right-hand side of Eq. (2.78) is the cavity loss rate for the free-running laser.  

The second term represents the influence of spontaneous emission.  The last term represents 

the effect of external light injection on the threshold.  We can see that its role is to reduce the 

threshold.  According to the prediction by Sharfin and Dagenais [116], the optical injection 

can only decrease the gain from the zero field value but optical injection does not lower the 
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lasing threshold.  In their model, they had calculated the threshold using the rate equation 

approach, neglecting the spontaneous emission part.  However, by including the spontaneous 

emission part into the rate equation, we can find, from Eq. (2.78), that the threshold gain is 

reduced by external light injection from 1 pτ  (free-running condition) to  

( )2 2 21 4 1p sp Lm c i LmR S k S Sτ α α⎡ ⎤− − +⎢ ⎥⎣ ⎦
 (externally light injecting condition).  Therefore, 

under external light injection the threshold gain is indeed reduced. 

Finally, according to Eq. (2.57), the normalized gain at threshold current can be 

expressed as 
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(2.79) 

By combing Eqs. (2.78), (2.79) and (2.43), we can obtain the threshold current under external 

light injection ,th uiI  
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(2.80) 

It is noted that the threshold gain g in Eq. (2.78) is divided by ( )1 g pv τ  for normalization.  



 63

Equation (2.80) accounts for the reduction of the threshold current under external light 

injection.  We can also find that the magnitude of the reduced threshold current is related to 

the injection strength factor iLmS . 

In our operating condition, the FPLD is injection-locked at its threshold current.  

Therefore, it is easy to obtain very large value of iLmS .  By using the typical parameter values 

for a buried-heterostructure laser, we can obtain that if the power inside the FPLD is 2.25 μW, 

the reduction of 3 mA under injection power of 7 dBm can be achieved.  The detailed 

parameters are listed in Table 2.1.  These parameters show that the FPLD biased at threshold 

current and the very strong injection locking both cause the threshold current reduction. 
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Table 2.1 

Typical parameter values for a 1.55 μm semiconductor laser in a injection-locking 

condition 

Symbol Parameters Typical Values Units 
I Injection current  Amp 
q Unit charge of electron 1.6e-19 Coulomb 
d Thickness of active region 0.2 μm 
w Width of active region 2 μm 
L Length of active region 250 μm 
V=dwL Volume of active region  cm3 
αm Facet loss 45 cm-1 

Γ=V/Vp Optical confinement factor 0.5  
Vp=V/Γ The cavity volume occupied by 

photons 
 cm3 

βsp The spontaneous emission factor 1e-3  
R Reflection coefficient of mirror 0.308  
vg Group velocity 8.57e9 cm/sec 
τp Photon lifetime 1.6e-12 sec 
gth Threshold gain 1/(Γvgτp)=145.9 cm-1 
τ Carrier lifetime at threshold 2e-9 sec 
Rsp The spontaneous emission rate 2

sp thBn VβΓ =1.254e13 sec-1 

Ith,free-running Threshold current 12.67 mA 
α Linewidth enhancement factor 5  
P0 Total output power 100 μW 
SLm Photon number in the locked 

mode 
1.011e13  

SiLm Relative injection strength 33.5 dB 
ΔIinjection Threshold current reduction due 

to injection locking 
3 mA 
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Fig. 2.1 Light-current graph for free running, injected locked laser and the difference of the 
two. 
[S. Sivaprakasam and Ranjit Singh, “Gain change and threshold reduction of diode laser by 
injection locking,” Optics Communications, 151, 253 (1998).] 

 
 
 
 

            
 
Fig. 2.2 Electronic transitions between the conduction and valence bands.  The first three 
(a-c) represent radiative transitions in which the energy to free or bind an electron is supplied 
by or given to a photon.  The fourth illustrates two nonradiative processes. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
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Fig. 2.3 Band diagram of forward biased double-heterostructure diode. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
 
 
 
 
 
 
 

 
 
Fig. 2.4 Reservoir with continuous supply and leakage as an analog to a DH active region 
with current injection for carrier generation and radiative and nonradiative recombination 
(LED or laser below threshold). 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
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Fig. 2.5 Schematics of in-plane and vertical-cavity lasers illustrating the active 
(cross-hatched) and cavity (within dashed lines) volume as well as the coordinate systems. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 

 
 
 
 
 
 
 

 
Fig. 2.6 Schematic of LED showing how only a small portion of the generated light reaches a 
desired detector. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
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Fig. 2.7 Definition of gain in terms of the increase in photon number across a small segment 
of gain material. 

 
Fig. 2.8 Maximum gain maxg  and gain at a specific photon energy. 
[K. Petermann, Laser Diode Modulation and Noise, 1991] 
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Fig. 2.9 Generic laser cavity cross section showing active and passive sections and the 
guided-mode profile. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
 
 
 
 
 

 
Fig. 2.10 Reservoir analogy above threshold where water level has risen to the spillway so 
that an increased input results in an increased output ( stR ) but no increase in carrier density 
(water level).  The flows Rnr and Rsp do not change above threshold.  
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
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Fig. 2.11 Gain vs. carrier density and carrier density vs. input current.  The carrier density 
clamps at threshold causing the gain to clamp also. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 

 

 
Fig. 2.12 Illustration of output power vs. current for a diode laser.  Below threshold only 
spontaneous emission is important; above threshold the stimulated emission power increases 
while the spontaneous emission is clamped at its threshold value. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
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Fig. 2.13 Schematic illustration of modal gain versus injected carrier density with values 
labeled from the two-parameter logarithmic fit of Eq. (2.41). 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 

 
 
 
 
 
 

 
Fig. 2.14 Frequency response of an idealized diode laser for several different output powers. 
[L. A. Coldren, and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits, New York: 
Wiley Interscience, 1995.] 
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Chapter 3 
All-optical NRZ-to-RZ Data Format 
Converter with An Injection-locked 

Fabry-Perot Laser Diode in Unlasing 
Condition 

 

Abstract 
By using an optical nonreturn-to-zero (NRZ) formatted data stream to injection-lock a 

synchronously modulated Fabry-Perot laser diode at below threshold condition, an output data 

stream with return-to-zero (RZ) formatted can be generated at bit rates of up to 9.953 Gbit/s.  

Such an NRZ-to-RZ data format conversion is due to the injection-locking-induced 

gain-switching of the FPLD with the incoming NRZ data.  The RZ data stream with a 

maximum on/off extinction ratio of 12.2 dB is obtained under the optical injecting power of 

-2 dBm and the RF driving power of 24.4 dBm.  The best side-mode suppression ratio of 40 

dB and the lowest timing jitter of 0.4 ps for the RZ pulse are observed.  Power penalties of 

1.2 and 1.5 dB are measured at a bit-error rate of 10-9 after NRZ-to-RZ conversion for bit rate 

of 2.488 and 9.953 Gbit/s, respectively. 

 

3.1 Introduction 
In this chapter we will propose an FPLD-based NRZ-to-RZ data format converter.  The 

FPLD used in this experiment is synchronously modulated by an RF current in unlasing 

condition.  That is, the maximum RF current is at or just below threshold current and the 

FPLD can not be gain-switched.  Furthermore, the threshold current of FPLDs will be 
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reduced under external light injection, as mentioned in Chapter 2.  Thus, the 

synchronously-modulated FPLD just below threshold current will become gain-switching 

when its threshold current is reduced by an external injection locking. 

In Section 3.2, we introduce the operating principle of an FPLD-based all-optical 

NRZ-to-RZ data format converter.  In Section 3.3, experimental setups and results of 

threshold current reduction under external injection locking, injection-locking-induced 

gain switching, FPLD-based all-optical NRZ-to-RZ data format converter are presented. 

 

3.2 Operating Principle of Injection-locking-induced 

gain-switching in a Synchronously-modulated FPLD 

just below Threshold Current 
As mentioned in Chapter 1, gain switching has the advantage that no external cavity and 

no sophisticated fabrication technology are required.  The idea of gain switching 

originated from the observations of relaxation oscillations when turning on a diode laser 

from below threshold using sinusoidal waves or electrical pulses with a fast leading edge.  

When a diode laser is gain-switched, the generated optical pulsewidth is considerably 

shorter than the electrical pulse.  Gain-switching consists of exciting the first spike of 

relaxation oscillation and terminating the electrical pulsewidth before the onset of the next 

spike.  In other words, the electrical pulsewidth should be rather short and should lie in 

the picosecond or nanosecond time range.  The most popular electrical driving sources 

for gain switching are comb generators [85, 86], picosecond photoconductive switches [87, 

88], and avalanche transistor generators [89].  Alternatively, the modulation of a laser 

biased below threshold with a large sinusoidal signal at subgigahertz or gigahertz 

frequency also results in gain-switched optical pulses [90, 91]. 
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 The generation of ultrashort light pulses by a gain-switched diode laser is illustrated 

in Figs. 3.1 and 3.2(a).  The DC bias and a sinusoidal current are assumed to be applied 

on the laser, as shown in Fig. 3.1(a).  0I  can be below or above the threshold.  Below 

the threshold lasing does not occur until the electric pulse increases the injection carrier 

density above the threshold carrier density, as shown in Fig. 3.1(b).  Then lasing occurs 

and represses the increase in carrier density.  Thus, an optical pulse is generated. 

 From the derivations in Chapter 2, the threshold current of the diode laser can be 

reduced under external injection locking.  When the FPLD is modulated by a large 

sinusoidal signal at just below threshold [see case (A) in Fig. 3.2(b)], it is in unlasing 

condition.  However, the FPLD will be gain-switched when an external CW light 

injection-locks the FPLD [see case (B) in Fig. 3.2(b)].  That is, under the external 

injection locking, the FPLD will be translated from an unlasing to a gain-switching operation. 

  

3.3 Experimental Setup and Results 
The FPLD used in the experiment is a pig-tailed one with a threshold current of 13 mA and a 

longitudinal mode spacing of 1.2 nm.  It is biased by a laser diode controller (ILX 3724) and 

modulated by the RF sinusoidal-wave synthesizer (Agilent E8257C) via a Bias Tee circuit 

(Hewlett Packard 33150A).  The output power is measured by a power meter (ILX 

OMM-6810B).  The temperature of the FPLD is controlled at 27.5oC with fluctuation of 

<0.1 oC to prevent the wavelength drift of the FPLD’s longitudinal modes. 

 

3.3.1 Threshold Current Reduction under External Injection 

Locking 

To measure the reduction of the threshold current under external injection locking, an 

experimental setup is constructed, as shown in Fig. 3.3.  The FPLD is externally 
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injection-locked by a tunable laser (TL; Hewlett Packard 8168F) through an optical 

circulator.  The power-current relationships with and without external light injection are 

measured by a computer-controlled program.  It is noted that the wavelength of the 

external injected light is aligned with the long wavelength part of the central longitudinal 

mode at just above threshold current to achieve stable injection locking of the FPLD.  

Figure 3.4 shows the measured light-current (L-I) curves with and without external 

injection locking.  The injection power in the experiment is -2 dBm.  We can find that the 

threshold current is reduced from 13 to 10 mA under external injection locking. 

 

3.3.2 Injection-locking-induced Gain Switching 

To investigate the gain-switching of the FPLD via external optical injection locking, the 

experimental setup is constructed, as shown in Fig. 3.5.  An RF amplifier (MiniCircuits 

ZHL-2-12) is used to amplify the sinusoidal wave to periodically bias the FPLD.  A 

polarization controller (PC) is placed before the optical circular for optimizing the 

polarization of the injected light.  An erbium-doped fiber amplifier after the optical 

circulator is used to amplify the gain-switching pulse for enhancement of the extinction ratio. 

The FPLD is modulated only by an amplified RF signal of 24.4 dBm below the threshold 

current.  Without external light injection into the FPLD, no optical pulses can be observed on 

the digital sampling oscilloscope (DSO, Agilent 86100A with 86106A).  The RF operating 

frequency is set at 1 GHz for the experiment of a CW external injection locking.  With an 

injection power of -2 dBm and a wavelength coincident with that of the FPLD’s longitudinal 

mode, the effective threshold current of the FPLD will be reduced by the external TL injection.  

Thus, the injection of the TL will cause the FPLD to enter gain-switching operation. 

The pulsewidth and the peak power of the FPLD’s output after EDFA are 44 ps and up to 

135 mW (corresponding to average power of 5.94 mW), as shown in Fig. 3.6.  It is noted 
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that an attenuator is used to prevent the damage of the sampling head of the DSO.  

Furthermore, the wavelength of the TL is detuned away from one longitudinal mode (Fig. 

3.7a) to the other (Fig. 3.7c) for evaluations of the maximum wavelength detuning range 

capable of reducing the threshold current.  We can find that the FPLD will not be 

injection-locked when the wavelength of the external injection light is detuned away from the 

locking range (e.g., Fig. 3.7b).  As shown in Fig. 3.8, the temporal traces versus the detuning 

range shows that the gain-switching pulses will be degraded and diminished when the 

wavelength detuning range is larger than 0.2 nm. 

As the wavelength of the injected light completely coincides with that of one of the 

FPLD’s longitudinal modes, the maximum side mode suppression ratio (SMSR) of 34 dB can 

be obtained, which is better than the FPLD operated at wavelength mismatching condition, as 

shown in Fig. 3.7.  Therefore, the wavelength matching between the external injection laser 

and the longitudinal mode of FPLD is mandatory for generating gain-switched pulses with 

largest peak power and highest SMSR. 

Under the precise control of the external injection wavelength, the extinction ratio (ER) 

of the injection-locking-induced pulse-train (defined as the amplitude ratio of the pulse with 

and without injection locking) is measured.  By switching the external injection wavelength 

betweenλ and 0.6λ + nm, the maximum ER of the FPLD pulse-train is about 10.5 dB (see Fig. 

3.9).  Similarly, the ER of FPLD pulse-train can be also defined as the amplitude ratio of 

pulses with to without external injection.  The ER of the injection-locked FPLD pulse-train 

is up to 12.2 dB under the on/off control of external injection, as shown in Fig. 3.9.  The 

amplified spontaneous emission (ASE) of the FPLD is slightly higher without the injection of 

the TL, as shown in Fig. 3.10.  This indicates that the suppression of the ASE and side 

modes of the FPLD under external injection from the TL is more pronounced than those of the 

FPLD at normal operation.  This is mainly attributed to the reduction of effective threshold 

current of the FPLD under the external injection case.  In addition, a relatively weak signal 
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with considerable noise has also been found as the injection wavelength is detuned away from 

the FPLD’s longitudinal mode by 0.4 nm. 

The lasing spectra of the CW free-running FPLD, the CW tunable laser, and the 

gain-switched FPLD are measured by using an optical spectrum analyzer, as shown in Fig. 

3.11.  The measured 3-dB spectral linewidth for one longitudinal mode of the CW 

free-running FPLD are 0.1 nm.  When the FPLD is gain-switching without external injection 

locking, the 3-dB linewidth significantly broaden to 0.36 nm.  This result correlates well 

with the theory that the transient variation in carrier density simultaneously affects the 

refractive index and mode linewidth of the gain-switched FPLD [125].  However, under 

injection locking the linewidth is reduced to 0.146 nm. 

 Moreover, the variation in RF driving power and external injection power can strongly 

affect the ER of the gain-switched FPLD operated in injection-locking condition (see Fig. 

3.12).  When RF driving power is below the threshold value (24.4 dBm), the ER is 

extremely small [see trace (b) in Fig. 3.12].  It is found that the tolerance on RF driving 

power for optimized ER of FPLD pulse-train is relatively severe.  Only 1 dB increasing of 

RF power will cause a serious degradation on the ER of FPLD pulse-train due to the 

self-gain-switching of the FPLD.  The optimized RF driving power is ranged from 24.4 to 

24.7 dBm.  In particular, when RF driving power is set at just below threshold, there is a 

trade-off between the ER of FPLD pulse-train and the external injection power.  External 

injection power larger than -2 dBm contributes more power to the CW component of FPLD 

and thus degrades the ER. 

The peak power and SMSR of the single-mode gain-switched FPLD at different injection 

powers are shown in Fig. 3.13.  The best SMSR of 40 dB under injection power of 6 dBm is 

obtained at a cost of slightly decreasing peak power (~140 mW).  At wavelength-matched 

condition, the lowest noise performance is obtained from the injection-locked FPLD.  The 

single-side-band (SSB) phase noise spectrum and the associated timing jitter of the 
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injection-locking-induced pulses are also evaluated.  With external injection power of 6 dBm, 

the injection-locking-induced pulses exhibit SSB phase noise as low as -100 dBc/Hz at 5 kHz 

offset from carrier frequency, as shown in Fig. 3.14.  The corresponding rms timing jitter of 

0.4 ps calculated over an integral frequency band between 10 Hz and 5 kHz is also shown in 

Fig. 3.14. 

Furthermore, the rms timing jitter of the injection-locking-induced pulse as a function of 

the external injection power is also depicted in Fig. 3.15.  The timing jitter of the 

injection-locking-induced pulse decreases from 0.7 ps to 0.4 ps as the external injection power 

increases from -14 dBm to 6 dBm.  In principle, the rms timing jitter is proportional to the 

ratio of the standard deviation to the mean value of the cavity photon density around time t0, 

where t0 is the time corresponding to the threshold carrier density reaches the threshold.  On 

condition that the injection power is smaller, the timing jitter is dominated by spontaneous 

emission of the FPLD.  As the injection power is increased, the externally injected light 

provides a stimulated emission which is well above the level of spontaneous emission in the 

FPLD cavity.  The stimulated emission reduces relative fluctuations in the photon density 

around t0, which leads to a significant reduction in rms timing jitter [126].  In addition, the 

pulsewidth of gain-switched FPLD slightly shortens from 47 ps to 44 ps with the increase of 

the external injection power. 

 

3.3.3 FPLD-based All-optical NRZ-to-RZ Data Format 

Converter 

From the previous experiment, we know that the external injection will injection-lock the 

synchronously-modulated FPLD just below threshold current, causing the FPLD to generate a 

gain-switching pulse train due to the reduction of the threshold current.  Furthermore, such a 

CW light is encoded by an electrical NRZ-formatted pseudorandom bit sequence (PRBS) 
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through a Mach-Zehnder intensity modulator to form an optical NRZ PRBS.  As the FPLD 

is injection-locked by such an optical NRZ PRBS, an NRZ-to-RZ conversion is carried out. 

The experimental setup for NRZ-to-RZ conversion is depicted in Fig. 3.16.  To simulate 

an incoming optical data stream with NRZ format, an amplified PRBS generated from a 

pattern generator (Hewlett Packard, 70843B) is used to drive the Mach-Zehnder intensity 

modulator (MZM, JDS Uniphase, OC-192 Modulator), which then encodes the TL in 

wavelength-matching condition.  A transfer function of the MZM with Vπ  of 5 V is shown 

in Fig. 3.17.  The MZM is biased at 7.5 V (nearly at the linear operating region), and is 

encoded by a PRBS with amplitude of 5 V.  This results in a PRBS-encoded optical NRZ 

signal with largest on/off ER.  Ten percent of the EDFA output power is coupled out to 

monitor the optical spectrum and the pulse waveform via an optical spectrum analyzer (OSA, 

Ando, AQ6317B) and a digital sampling oscilloscope, respectively.  Finally, the BER of the 

RZ-formatted PRBS is optoelectronically converted by a clock/data receiver (CDR, Agilent, 

83493A) and then measured by using an error detector (Hewlett Packard, 70843A).  An 

optical band-pass filter (OBPF) placed after the EDFA is used to eliminated the CW 

component of the output RZ-formatted PRBS.  As shown in Fig. 3.18, a clean RZ data 

stream can be obtained when it passes through the OBPF.  Without the OBPF, the RZ data 

stream carries a large ASE from the EDFA, giving rise to an increased CW component and a 

worse quality on communication data.  The adding of the OBPF completely eliminates the 

1-mW CW component and results in a clean RZ data stream with the optimum eye diagram. 

Figure 3.19 shows the electrical NRZ data before the MZM, the optical NRZ data after 

the MZM, and the FPLD-transformed RZ data at 2.488Gbit/s data rate, respectively.  An 

8-bit edited optical NRZ pattern is then transformed into a RZ pattern, as shown in Figs. 

3.19b and 3.19c.  The duty cycle of such a RZ-formatted data has the potential for the 

time-division multiplexing (TDM) with a passive TDM technique to enhance the bit rate and 
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increase the network throughput.  Figure 3.20 shows the corresponding eye diagrams of the 

electrical NRZ, the optical NRZ, and the converted RZ data, respectively.  Note that the 

transformed RZ-formatted data has a larger amplitude noise than the optical NRZ data due to 

a considerable spontaneous noise of the FPLD at the non-injected condition (i.e. “0” state).  

This drawback can be improved further by using two-mode injection locking (TMIL) 

technique [127], which transfers the unwanted spontaneous noise to another wavelength. 

 Moreover, the BER measurements of the RZ data are shown in Fig. 3.21.  The 

RZ-formatted data is detected by a lightwave clock/data receiver (Agilent, 83446A), 

incorporating a high-gain avalanche photodiode (APD), a gain-controlled amplifier, and a 

clock/data recovery circuit.  The received power is measured in the back-to-back (BtB) NRZ 

data and the BtB transformed into RZ data at 2.488 Gbit/s.  By using a 223-1 bit 

pseudorandom NRZ data, power penalty of 1.2 dB is measured at a BER of 10-9
 in the 

NRZ-to-RZ data converter.  The power penalty may be attributed to the considerable 

spontaneous noise at bit 0 and the amplitude fluctuation at bit 1 in an NRZ-to-RZ data 

converter.  And error-free (BER < 10-12) of RZ-formatted output signal can be achieved 

when the received optical power is larger than -22 dBm.  Similarly, the BER of 

RZ-formatted signal is also affected by the intensity of the external injection power.  Figure 

3.22 shows that the BER increases with reduction of the injection power.  When the external 

injection power is larger than 3 dBm, the BER of the RZ-formatted output data can be as 

small as 10-9.  The BER of 10-12 can be observed with external injection power of 6 dBm. 

 A higher data rate can be achieved by raising the DC bias current and reducing the RF 

modulating power of the FPLD (remaining it at unlasing condition), since the modulating 

bandwidth is proportional to the DC biased current of FPLD.  The highest data rate with 

BER of 10-9 achieved at different DC biased currents is shown in Fig. 3.23.  No DC bias 

current is required for the FPLD to achieve a data rate up to 6 Gbit/s.  However, the 

NRZ-to-RZ data rate of 9.953 Gbit/s can only be achieved by increasing the DC bias current 
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of the FPLD to 9 mA≥ .  The maximum data rate is limited by the carrier lifetime and the 

DC bias of FPLD. 

Figure 3.24 shows the electrical NRZ data stream before the MZM, the optical NRZ data 

stream after MZM, and the converted RZ data stream generated from the injection-locked and 

gain-switched FPLD at a data rate of 9.953 Gbit/s, respectively.  An 8-bit edited NRZ 

pattern 01110101 (Fig. 3.24a) is sent into the MZM, and the logically inverted optical NRZ 

pattern 10001010 is obtained at the MZM output port (Fig. 3.24b).  The encoded optical data 

injected into the FPLD for NRZ-to-RZ transformation, resulting in a RZ-formatted data 

10001010, as shown in Fig. 3.24(c).  The eye diagrams of the electrical NRZ data stream 

before the MZM, the optical NRZ data stream after MZM, and the transformed RZ data 

stream generated from the injection-locked FPLD are shown in Fig. 3.25(a), (b), and (c), 

respectively. 

By externally injecting into the FPLD with a 223-1 bit PRBS NRZ data stream at 9.953 

Gbit/s, the BER plotted as a function of the receiving optical power for the NRZ-format 

optical data and the transformed RZ-formatted output data are shown in Fig. 3.26.  The 

result shows that the FPLD-based NRZ-to-RZ data transformer has a power penalty of 1.5 dB 

at 10-9 BER level.  An error-free (BER < 10-12) RZ-formatted data stream can be achieved at 

a receiving optical power as low as -16 dBm. 

When external injection power is larger than 2 dBm, the BER of the RZ-formatted data 

stream can be as small as 10-9 (see Fig. 3.27).  Even a BER of 10-12 can be observed under an 

external injection power of 4 dBm. 

Table 3.1 compares the performances among versatile NRZ-to-RZ techniques.  Our 

proposed system exhibits the better on/off ER of 12.2 dB, the higher SMSR of 40 dB, and the 

lower BER of 10-12 can be achieved.  Moreover, the narrowest pulsewidth of 27 ps at data 

rate of 9.953 Gbit/s can greatly increase the timing tolerance in TDM application.  Although 
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the power penalty of 1.5 dB at data rate of 9.953 Gbit/s in our configuration is less 

comparable with that proposed using dual-wavelength injection technique (with power 

penalty of -9.5 dB), such a simple NRZ-to-RZ converter still benefits from the advantages of 

easier operation and low cost. 
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Table 3.1 

  Comparison among versatile NRZ-to-RZ techniques 

 

Mechanism 
 
 

Characteristics 

Dual-wavelength 
Injection 

(Hong Kong) 

Self-phase 
Modulation 

(Korea) 

Single-mode 
Injection 
(Taiwan) 

Power penalty -9.5 dB NA 1.2 dB (OC-48) 
1.5 dB (OC-192) 

Maximum ER 12 dB 10.5 dB 12.2 dB 
Maximum 

SMSR 
> 30 dB NA 40 dB 

Data rate 3.3 Gbit/s 10 Gbit/s 10 Gbit/s 
Operation of 

FPLD 
CW lasing CW lasing Unlasing 

(with 
below-threshold RF 

modulation) 
Complexity High Low Midium 
Pulsewidth 47 ps 30 ps 44 ps (OC-48) 

27 ps (OC-192) 
Year 2002 2004 2004 
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Fig. 3.1 The principle of gain switching.  (a) The time dependence of the applied current; 
(b) The time dependence of the carrier density; (c) The time dependence of output pulses. 
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Fig. 3.2 (a) The ‘general’ gain-switching; (b) The injection-locking-induced gain-switching: 
(A) without external injection; (B) with external injection. 
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Fig. 3.3 Experimental setup for the observation of the power-current curve with and without 
external light injection locking.  FPLD: Fabry-Perot laser diode; OC: optical circulator; 
TEC: thermoelectric cooler controller; TL: tunable laser. 

 
 

 
Fig. 3.4 Light-current (L-I) curves with and without external light injection locking. 
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Fig. 3.5 Experimental setup for injection-locking-induced gain-switching.  AMP: RF 
amplifier; EDFA: erbium-doped fiber amplifier; FPLD: Fabry-Perot laser diode; TL: tunable 
laser; OBPF: optical bandpass filter; OC: optical circulator. 

 
Fig. 3.6 The injection-locking-induced gain switching.  (a) with external injection; (b) 
without external injection. 
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Fig. 3.7 Wavelength detuning of the tunable laser from one longitudinal mode to another. 
 
 
 

 
Fig. 3.8 Temporal traces versus the detuning range. 
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Fig. 3.9 The injection-locking-induced pulse: (a) with injection locking at wavelengthλ ; (b) 
with injection locking at wavelength 0.6λ + nm; (c) without injection.  The repetition rate 
of the pulse train is 1 GHz. 

 

Fig. 3.10 Optical spectra of the FPLD modulated by a large sinusoidal signal at just below 
threshold: (a) injection locking; (b) injection with detuned wavelength, 0.6λ + nm; (c) 
without injection.  It is noted that the red peak in trace (b) is the signal of the external 
injection light.  The FPLD is not locked in this condition. 
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Fig. 3.11 Optical spectra: (a) modulated FPLD; (b) CW tunable laser; (c) CW FPLD 
injection-locked FPLD. 
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Fig. 3.12 The extinction ratio of the injection-locked FPLD at different RF driving and 
external injection power. 
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Fig. 3.13 The peak power and the SMSR of the single-mode gain-switched FPLD in 
injection-locking condition. 
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Fig. 3.14 The SSB phase noise density and the associated timing jitter of the 
injection-locking-induced pulses. 
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Fig. 3.15 Timing jitter and pulsewidth versus external injection power. 
 
 
 
 
 
 

Fig. 3.16 Experimental setup for NRZ-to-RZ data format conversion.  AMP: RF amplifier; 
EDFA: erbium-doped fiber amplifier; FPLD: Fabry-Perot laser diode; MZM: Mach-Zehnder 
intensity modulator; TL: tunable laser; OBPF: optical bandpass filter; OC: optical 
circulator; PG: pattern generator. 
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Fig. 3.17 The characteristic transmission coefficient of MZM at different DC bias. 
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Fig. 3.18 RZ data streams (a) without OBPF (b) with OBPF. 
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Fig. 3.19 The patterns: (a) the electrical NRZ data before the MZM; (b) the PG-encoded 
optical NRZ data; (c) the transformed RZ signal generated from the single-mode FPLD.
The data rate is 2.488 Gbit/s. 
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Fig. 3.20 The corresponding eye diagrams: (a) the electrical NRZ data before the MZM; (b) the PG-encoded optical NRZ data; (c) the 
transformed RZ data.  The data rate is 2.488 Gbit/s. 
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Fig. 3.21 The BER performance at 2.488 Gbit/s. 

 

 
Fig. 3.22 The BER versus the external injection power. 
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Fig. 3.23 The dependence of operation data rate on FPLD’s DC bias current. 

Fig. 3.24 The patterns: (a) the electrical NRZ data before the MZM; (b) the PG-encoded 
external injection light; (c) the converted RZ signal generated from the injection-locked 
FPLD.  The data rate is 9.953 Gbit/s. 
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Fig. 3.25 The corresponding eye diagrams: (a) the electrical NRZ data before the MZM; (b) 
the PG-encoded external injection light; (c) the converted RZ signal generated from the 
single-mode FPLD.  The data rate is 9.953 Gbit/s. 

 

 
Fig. 3.26 The BER against the received optical power for NRZ-encoded external injection 
light and converted RZ signal at data rate of 9.953 Gbit/s. 
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Fig. 3.27 The BERs for different external injection powers at data rate of 9.953 Gbit/s. 
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Chapter 4 
Injection-locking Laser Diode based 

OC-192 optical NRZ-to-RZ OR Logic 
Gate 

 

Abstract 
An OC-192 optical return-to-zero (RZ) formatted OR logic gate is experimentally 

demonstrated and theoretically interpreted for the first time, which is implemented using an 

optically injection-locked Fabry-Perot laser diode (FPLD) based data format converter 

modulated at below threshold condition.  By injecting two non-return-to-zero data-streams 

into the FPLD-based OR gate, a peak-power-equalized RZ-formatted OR logic data-stream 

extinction ratio of >8 dB is obtained from the FPLD with optimized rf modulating and 

optical injecting powers of 24.7 dBm and >-4 dBm, respectively.  Highest data rate up to 

12.5 Gbit/s with a BER of 10-12 at a received optical power of >-16 dBm can be achieved by 

increasing the dc bias current of the FPLD-based RZ-formatted OR logic gate to 8 mA.  

The OR gated RZ data-stream exhibits a duty cycle (pulsewidth) of is ~27% (27 ps) and a 

0.5-dB power penalty at a BER of 10-9 at data rate of 9.953 Gbit/s. 

 

4.1 Introduction 

Optical signal processing is the key technology in ultrahigh-speed networks to replace the 

cumbersome optical-electrical-optical conversion.  Versatile researches were conducted to 

implement optical logic functionalities for important computing and encryption/decryption 

applications.  Patel et al. have previously demonstrated the OR and NOR logic gates at 10 
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Gbit/s using an ultrafast nonlinear fiber interferometer [128].  The XOR functionality 

implemented using a terahertz fiber-optic asymmetric demultiplexer [129].  These 

schemes can be simplified using an integrated SOA based Mach-Zehnder interferometric 

wavelength converter (IWC), which offers a polarization- and wavelength-independent 

operation on optical XOR logics at 5 Gbit/s [130, 131].  Later on, the optical logic OR 

gates up to 10 Gbit/s were also achieved with aforementioned IWC [132].  Nonetheless, 

the demonstration of all-optic logic functions with laser diodes was seldom addressed.  In 

this letter, a novel optical OR logic gate with nonreturn-to-zero-to-return-to-zero 

(NRZ-to-RZ) data-format converting function at bit rate up to 12.5 Gbit/s is primarily 

demonstrated by injecting the optical data into a Fabry-Perot laser diode (FPLD) modulated 

at just below threshold condition.  The optical FPLD-based RZ-formatted OR logic gate is 

parametrically analyzed at a bit rate of 9.953 Gbit/s. 

 

4.2 FPLD-Based All-optical NRZ-to-RZ OR Logic Gate 

The configuration of the rf-modulated FPLD-based OR logic gate is shown in Fig. 4.1.  

Two transmitted data-streams at 9.953 Gbit/s are generated from a distributed feedback laser 

diode (DFBLD) with monolithically integrated electro-absorption modulator, which is 

encoded by a 223-1 pseudorandom binary sequence NRZ pattern and amplified by 

erbium-doped fiber amplifier (EDFA).  The rf clock tapped from the input channel and 

recovered by a commercial clock and data recovery unit (CDR, Agilent 83434) is then 

amplified to modulate the FPLD.  The FPLD exhibits a threshold current of 11 mA and a 

longitudinal mode spacing of 1.2 nm, which is operated at below threshold condition by 

appropriately adjusting the amplified rf power.  That is, the FPLD is un-lasing without 

input data.  The wavelengths of the FPLD and the DFBLD (at 1550.92 nm originally) were 

controlled within lock-in range to achieve injection-locking operation.  Afterwards, the 
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optical NRZ data-streams were sent into the input port of the FPLD-based OR logic gate via 

a fiber-optic coupler, and the RZ-formatted output of the OR gate was amplified by an 

EDFA.  An optical bandpass filter (OBPF) was used to eliminate the excess amplified 

spontaneous emission (ASE) noise from the EDFA, providing the data with a smaller dc 

offset level and a better SNR. 

In experiment, an increased dc bias for enhancing the modulating bandwidth up to >10 

GHz and a reduced rf power for keeping the FPLD un-lasing are necessary.  By increasing 

the dc biasing current of the FPLD to 8 mA, the FPLD-based OR logic gate at the data rate 

of >10 Gbit/s can be achieved, which is eventually limited by the carrier lifetime and the 

maximum biasing level of the FPLD.  Figure 4.2 shows the input data-streams in different 

channels (Figs. 4.2a and 4.2b), the output data-stream combined using 50% coupler (Fig. 

4.2c), and the pulsed data-stream output from the FPLD-based RZ-formatted OR logic gate 

(Fig. 4.2d) at a SONET data rate of 9.953 Gbit/s (OC-192).  The pulsewidth of the each 

high-level bit in the RZ-formatted data-stream is 27 ps (with a duty cycle of ~27%).  The 

RZ-formatted logic OR gate is demonstrated with unequal output bit levels in the data 

format converter mode, as shown in Fig. 4.2(d).  The power injected into the rf-modulated 

FPLD is the sum of powers from two coupled data-streams, indicating that the output power 

level coupled by two input bits of “1” + “1” could be different from that by bits of “1” + “0” 

or “0” + “1”, as shown in Fig. 4.2(c). 

The below threshold operation of the FPLD also causes a linear relationship between 

the extinction ratio and injecting power, as shown in Fig. 4.3.  The drawback in 

injection-power-dependent output inequality of such an OR logic gate makes it sensitive to 

the external-injection power level while both of the threshold current and the P-I slope are 

decreased due to the enlarged external-injection power, as depicted in Figs. 4.4 and 4.5.  

Nonetheless, the offset P-I curves at different injection powers can coincide with one 

another due to the gradually reduced slopes of P-I curves at lasing condition (see the dashed 
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circle of Fig. 4.4).  Therefore, by slightly increasing the rf modulating power of the FPLD 

to reach the coincident point of these P-I curves, the power dependency of the OR gated 

output level can be released.  This helps to obtain an external-injection-power-independent 

operation for the FPLD-based RZ-formatted OR logic gate at a cost of smaller extinction 

ratio (due to the self-gain-switching under injecting bit of “0”).  At the rf power of 24.7 

dBm, the output peak powers of the high-level RZ-formatted data bits have been equalized 

(Fig. 4.6).  A tiny gain-switched pulse appears at injecting bit of “0” under larger rf 

modulating power, which somewhat degrades the extinction ratio of the output data.  

Although the extinction ratio of the output data is sacrificed by 3 dB under the increased rf 

modulating power, the OR gate becomes insensitive to the injection power over a wide 

tuning range. 

Although the increase of the DC biasing current can improve the modulating 

bandwidth of the FPLD, a larger dc current fails to enhance more the data-converting and 

OR-gating rate, which greatly degrades the BER and ER performances of the converted 

pulsed data due to the lasing of the FPLD even without external injection.  In addition, the 

improper synchronization between the rf clock and the injected data-stream also leads to an 

error in NRZ-to-RZ conversion when the lagging time exceeds over 30 ps (i.e. the 

synchronous timing window is 30 ps) at 9.953 Gbit/s.  In comparison with the wavelength 

converted OR gate reported previously [132], our proposed scheme provides a wavelength 

injection-locked, NRZ-to-RZ format converted, and OR operation simultaneously. 
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Fig. 4.1 Experimental setup and the truth table of the FPLD-based logic OR gate. AMP: rf 
amplifier; CDR: clock/data recovery unit; Ch1: input channel 1; Ch2: input channel 2; EDFA: 
erbium-doped fiber amplifier; FPLD: Fabry-Perot laser diode; OBPF: optical bandpass filter; 
OC: optical coupler. 
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Fig. 4.2 The monitored data patterns. (a) and (b): two input NRZ data-streams; (c): passively 
combined data-stream; (d) the output data-stream (with the FPLD modulated at below 
threshold condition). 
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Fig. 4.3 The power dependent extinction ratio of the RZ-formatted data at rf-modulating 
power of (i) 24.4 dBm and (ii) 24.7 dBm.  Inset: the conceptual diagrams of (i) the 
power-dependent and (ii) the power-independent OR gating operations. 

7 8 9 10 11
0

10

20

30
 Pinj=-10 dBm
 Pinj=-7 dBm
 Pinj=-4 dBm
 Pinj=-1 dBm

O
ut

pu
t P

ow
er

 (μ
W

)

Bias Current (mA)  
Fig. 4.4 P-I curves and of the rf-modulated and injection-locked FPLD for different injection 
power. 

 

 



 106

( )

-10 -8 -6 -4 -2 0
10

15

20

25

P-
I S

lo
pe

 (μ
W

/m
A

)

External Injection Power (dBm)

( )
 

Fig. 4.5 P-I slope of the rf-modulated and injection-locked FPLD for different injection 
power. ( )

0 500 1000 1500 2000
0

1

2

Time (ps)

Po
w

er
 (a

.u
.)

 
Fig. 4.6 The power-dependent (dotted trace) and power-independent (solid trace) logic OR 
output. 
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Chapter 5 
Dynamic Chirp Characteristics in 

FPLD-based All-optical NRZ-to-RZ Data 
Format Converter 

 

Abstract 
For long-haul transmission, soliton transmission is a promising technique.  However, it is 

well known that the generation of transform-limited pulses from a directly modulated laser 

diode is difficult since a frequency downchirp inevitably occurs owing to carrier density 

modulation.  A transform-limited pulse can further be obtained by using dispersion 

compensation fiber to compensate the chirp.  On the other hand, injection locking has been 

proven that it can reduce the chirp in a gain-switched laser diode.  In this Chapter, we 

measure static chirp (in injection-locking-induced gain-switching condition) and dynamic 

relative chirp (in NRZ-to-RZ condition) characteristics for the first time.  A scenario of 

dynamic soliton is proposed for long-haul transmission. 

 

5.1 Introduction 
Directly modulated laser diodes (LD’s) has red chirping of the LD carrier frequency, which 

is mainly responsible for limiting the bandwidth-distance product [133-136].  Over past 

years, many efforts [137, 138] have been devoted to enhancement of modulation bandwidth 

of semiconductor lasers.  However, direct current modulation is inevitably accompanied by 

frequency chirping, which becomes the main limitation to utilize direct current modulation 

in high-bit-rate optical communication due to the chromatic dispersion of optical fibers.  
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This becomes more severe for higher modulation speed.  Injection-locking offers a scheme 

to reduce the frequency chirping in modulated semiconductor lasers.  Lately, it has been 

proposed [139-142] that, under stable injection locking where the frequency of the slave 

laser locks to that of the master laser, frequency chirping can be largely reduced.  A few 

experiments have been conducted [142] to verify the theoretical prediction.  However, they 

only emphasized on the condition of weak injection, where the stable locking range in terms 

of the frequency difference between the two lasers is relatively small.  Under this 

condition, multi-gigabit-per-second direct modulation may unlock the originally 

injection-locked laser due to optical frequency variation that may exceed the frequency 

range of stable locking [142].  This may drive the laser system into periodic, or even 

chaotic, oscillations, resulting in degradation of the system performance.  Hence, a larger 

range of stable locking is preferred for high modulation speed, which can be achieved by 

strong injection into the slave laser [143].  For strong injection locking, typically when the 

injection power is more than one percent of the circulating power inside the slave laser, the 

laser system not only has a larger range of stable locking but also has been demonstrated 

[140, 141, 144-146] to show significant enhancement in modulation bandwidth.  A more 

than 3-fold enhancement has been theoretically predicted and experimentally verified.  In 

2003, Okajima et al. [147] demonstrated experimentally significant increase in the 

relaxation resonance frequency and substantial reduction in frequency chirping in an 

optically injection-locked semiconductor laser under direct current modulation.  

Significant bandwidth enhancement and chirp reduction are simultaneously achieved in 

their experiment.  In this Chapter, we measure the static chirp (in 

injection-locking-induced gain-switching condition) and dynamic relative chirp (in 

NRZ-to-RZ condition) characteristics for the first time. 
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5.2 Evaluation of Chirp in FPLD-based NRZ-to-RZ 

Data Format Converter 
Figure 5.1 is the experimental setup for measuring the static chirp (in 

injection-locking-induced gain-switching condition) and dynamic relative chirp (in 

NRZ-to-RZ condition) characteristics of the RZ-formatted pulse train.  An optical 

chirpform test set (Advantest Q7606) connected with a digital sampling oscilloscope 

(Agilent 86100) is used to measure the dynamic relative chirp.  A dispersion compensation 

module depicted in Fig. 5.1 is used for linear chirp compensation. 

 On the other hand, optical solitons in fibers are interesting because the fundamental 

soliton (N=1 soliton) does not change its wave form along the fiber if the fiber has no loss 

[148].  In 1988, Mollenauer and Smith experimentally showed that optical solitons can 

propagate over 6000 km when a color-center laser is used [149].  They circulated 50-ps 

solitons in a 42-km fiber loop in which stimulated Raman scattering was used to 

compensate for the fiber loss.  Later on, Nakazawa et al. showed an alternative way to 

amplify solitons by using an erbium-doped fiber amplifier (EDFA) [150, 151].  This is a 

powerful method of amplifying solitons because an average pump power of 100 mW is 

enough to achieve a gain of larger than 30 dB.  By using a time-division-multiplexing 

technique, a 20-GHz soliton burst train is prepared and amplified with an EDFA [152], as 

shown in Fig. 5.2. 

From a practical point of view, soliton generation from a laser diode is most desirable; 

however, it is well known that the generation of transform-limited pulses from a directly 

modulated laser diode is difficult since a frequency downchirp inevitably occurs owing to 

carrier density modulation [133-136].  Even in a distributed-feedback laser diode (DFBLD) 

transient spectral changes exist, which cause the nonlinear chirp-induced dispersion penalty.  

This is one of the important factors limiting the high-speed transmission of the DFB laser 



 110

signal in linear schemes.  In addition, the transform-limit condition is also important in 

soliton transmission. 

In 1990, Nakazawa et al. proposed a method to generate and transmit 

transform-limited solitons from a directly modulated bulk DFBLD, using a narrow-band 

optical filter and erbium-doped fiber amplifiers [153-155].  They successfully 

demonstrated an error-free soliton transmissions at 3.2 and 5 Gb/s over 100 km [153].  

Their experimental setup is shown in Fig. 5.3. 

A preemphasis technique [156] is used for repeating the soliton, in which N=1.2-1.4 

solitons are excited in each soliton fiber.  Here we review their experimental arrangement 

briefly.  The laser source used for soliton generation is a bulk-type distributed-feedback 

laser diode, which is gain-switched by a sinusoidal current modulation in the GHz range to 

generate a 27 ps pulse train with the average output power of 2-3 mW.  However, the pulse 

is far being in a transform-limited condition.  Furthermore, by using a Fabry-Perot 

resonator (FPR) as a narrow-band spectral filter, transform-limited pulses are obtained 

although such a filter decreases the average transmitted power to 1/10 of the input power.  

They observed that the overall chirp is nonlinear across the whole pulse width, although the 

center is linear.  It is also evident that the chirp rate increases when a large ac modulation 

is applied.  When the bandwidth of the FPR is set at 0.4-0.8 nm, linearly chirped pulses are 

observed, which will be completely compensated by a fiber with a positive group-velocity 

dispersion.  The result after 0.2-nm spectral filtering shows that the pulse width is reduced 

from 27 ps to 17 ps and the chirp is negligible.  By using such a spectral filtering technique, 

a transform-limited pulse train with the pulse width-bandwidth product of 

2 0.43 0.45cλτ ν τ
λ
Δ⎛ ⎞Δ Δ = Δ = −⎜ ⎟

⎝ ⎠
i , where 17 psτΔ = and 0.20 0.21 nmλΔ = − , is obtained 

[155]. 
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5.3 Results and Discussion 
According to this scenario, we apply the preemphasis technique to our RZ-formatted data.  

Figure 5.4 is the temporal trace of our RZ-formatted pulse by injection-locking the 

synchronously-modulated FPLD just below threshold current.  The pulse width is 71 ps 

and the data rate is 2.488 GHz.  Figure 5.5 shows the corresponding optical spectrum with 

the 3-dB spectral width of 0.146 nm.  The pulse width-bandwidth product ( τ νΔ Δ ) is 1.32, 

which is much larger than the value of 0.44 for a transform-limited Gaussian pulse. 

Due to the nature of red-shifting chirping, compression of negatively chirped pulse in 

the time domain is possible if a fiber with normal dispersion 

( 2 2
2 0,  : propagation constant, : carrier angular frequencyd dβ β ω β ω= > ) is provided.  

In such a fiber, the group velocity ( 1
gv d dβ ω− = ) of a shorter wavelength signal will be less 

than that of a longer wavelength signal.  Thus, if we mentally break up the chirped pulse 

into a number of segments, each with a slightly different group velocity, the leading edge of 

the negatively chirped pulse will travel slower than the trailing edge, resulting in temporal 

compression.  In 1991, Liu et al. [157] analyzed the propagation of a chirped pulse in a 

dispersive fiber by assuming the optical output from the gain-switched laser to be with a 

Gaussian profile and linear chirping [158].  They provided, at the first-order approximation, 

an explicit expression for the optimum compression condition as follows [157]: 

tDL
λ
Δ

− =
Δ

 (5.1) 

where 2
22D cπ β λ= − is the fiber dispersion parameter in ps/nm-km, L is the fiber length, 

tΔ  is the full width at half maximum (FWHM) of the input pulse, and λΔ  is the chirped 

spectral width.  For the purpose of extracting more power, we chose a dispersion 

compensation fiber (DCF; 90.5 ps/nm kmD = − i at 1537 nm) to perform temporal 

compression.  Therefore, the optimum compression can be achieved when the propagation 
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distance is equal to 5.37 km.  According to Liu’s report [157], the optical spectrum will be 

invariable and the pulse width-bandwidth product will be reduced from 1.32 to 0.44.  In 

such a condition, a transform-limited pulse with pulse width of 23.7 ps will be expected. 

 Furthermore, to excite N = 1.4 soliton, the peak power 0P and the average 

power avgP calculated from the listed formulas of Table 5.1 are 7.12 mW and 0.252 mW, 

respectively.  Therefore, a soliton transmission using preemphasis technique [156] is 

expected to work, in which an erbium-doped fiber amplifier is installed every 25-km 

dispersion shifted fibers as a lumped amplifier, as shown in Fig. 5.6. 

The linewidth of the modulated FPLD can be reduced by using injection locking 

technique.  Figure 5.7 is the measured chirp characteristic in a conventional gain-switching 

pulse (i.e. free-running).  Chirping toward shorter frequency corresponds to the direction 

from the leading edge to the trailing edge.  The amount of red chirping is 14.252 GHz.  

When the synchronously modulated FPLD is injection-locked to generate an 

injection-locking-induced pulse, the chirp in such a pulse is largely reduced, as shown in 

Fig. 5.8.  On the other hand, by injection-locking the FPLD via an NRZ data stream, the 

generated gain-switching pulse has a smaller chirp than that in free-running condition, as 

shown in Fig. 5.9.  The chirp in injection-locking-induced gain-switching pulse is named 

as a back-to-back chirp (i.e., without any chirp compensation).  We can find that there is a 

down-chirp from 7 GHz to -5.17 GHz (i.e. the amount of red chirping is 12.17 GHz) at the 

central part of the pulse.  By using a spool of 25-km Corning MetroCor fiber 

( 9.1 /D ps nm km= − − ) a chirp reduction in RZ-formatted data stream is measured.  By 

contrast, a 25-km standard single mode fiber is used to observe the variation of the chirp in 

RZ-formatted data stream.  However, we do not find an evident increase in chirp.  Figure 

5.10 shows curves of the dispersion parameter versus the wavelength for standard single 

mode fiber, Corning MetroCor fiber, and dispersion compensation fiber.  According to this 
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figure, the estimated length of the dispersion compensation fiber for obtaining a chirp-free 

RZ using spectral windowing technique is 5.37 km.  When an 8-km DCF is used to 

compensate the RZ-formatted data stream, an over-compensated result is found, as shown in 

Fig. 5.11.  We can find that the RZ-formatted data stream is changed from red-chirping to 

blue-chirping with almost the same amount.  In addition, the pulse widths after passing 

through different compensation fibers are shown in Fig. 5.12.  Therefore, we may expect 

that half a length of DCF fiber may fully compensate the linear chirping of the 

RZ-formatted data stream.  Furthermore, a scenario of dynamic soliton [159] may work for 

long-haul transmission using preemphasis technique. 
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Table 5.1 

Formulas of calculation for exciting N = 1.4 soliton 
 

Parameter Symbol Value Unit Ref. 
Nonlinear 
refractive index 

2n  203.2 10−×  2W/m   

Central 
wavelength 

0λ  1537.048 nm  

Central 
frequency 

0 02 cω π λ=  1226.348 THz  

Width parameter w  3.6 mμ  JAP 66 
(1989) 
2803 

Speed of light c  83 10×  m/s   
Effective core 
area 

2
effA wπ=  

114.07 10−×  2m   

Pulse width 
(FWHM) 

FWHMT  23.7 ps   

Half-width (at 
1/e-intensity 
point) 

( )0 1 2 1.6652 ln 2
FWHM FWHMT TT =

14.23 ps   

Nonlinear 
parameter 

2 0

eff

n
cA
ωγ =  3.21 1 W-km   

Soliton order N  1.4   
Dispersion 
parameter 22

2πcD=- β
λ

 
1.89@1537nm− ps nm-km   

Group-velocity 
dispersion 
(GVD) 

2β  2.36 2ps km   

Peak power 2
2

0 2
0

N
P

T
β
γ

=  
7.12 mW   

Average power 
0 0avgP P f T= × i  0.252 mW   

 



 115

 

 

 

 

TL

PG

V

FPLDBias Tee

DC

OC

AMP

AMP EDFA

MZM

RF
synthesizer

Optical Path

Electrical Path

PC

Ch 1

Trigger

Digital Sampling Oscilloscope
Optical NRZ-formatted 

PRBS

DCM

OBPF

Power Optical
Input

Optical
Output

Chirp Analyzer

Computer

 

Fig. 5.1 Experimental setup for measurement of the dynamic chirp of the RZ-formatted data stream.  DCM: dispersion compensation module. 
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Fig. 5.2 Experimental setup for 20-GHz soliton amplification and transmission. 
[M. Nakazawa, K. Suzuki, and Y. Kimura, Opt. Lett. 14, 1065 (1989).] 

 
Fig. 5.3 Experimental setup for soliton transmission with a preemphasis technique using 
erbium-doped fiber amplifiers and repeaters. 
[M. Nakazawa, K. Suzuki, and Y. Kimura, “3.2-5 Gb/s, 100 km Error-Free Soliton 
Transmissions with Erbium Amplifiers and Repeaters,” IEEE Photon. Technol. Lett. 2, 216 
(1990).] 
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Fig. 5.4 Temporal trace of our RZ-formatted data by injection-locking the 
synchronously-modulated FPLD just below threshold current. 
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Fig. 5.5 Optical spectrum of the RZ-formatted data stream. 
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Fig. 5.6 Proposed experimental setup for soliton transmission for NRZ-to-RZ data format converter. 
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Fig. 5.7 Chirp characteristic in conventional gain-switching pulse. 

 

 

 

 

 

Fig. 5.8 Chirp characteristic of an injection-locking-induced pulse train. 
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Fig. 5.9 Dynamic chirp of an injection-locking-induced data stream. 
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Fig. 5.10 Curves of the dispersion versus the wavelength for standard single mode fiber, 
Corning MetroCor fiber, and dispersion compensation fiber. 
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Fig. 5.11 Chirping results of RZ-formatted data stream after passing through different fibers.
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Fig. 5.12 Pulse widths of RZ-formatted data stream after passing through different fibers. 
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Chapter 6 
Conclusions 

 

6.1 Summary 
To date semiconductor lasers have been considered the best light sources for high-bit-rate 

optical communication lines and fast optical data-processing systems.  Compared to 

solid-state, gas, and dye lasers, the diode laser offers a considerably smaller size, higher 

efficiency, lower cost, and the unique ability to be modulated up to gigahertz rates by 

simply changing the driving current through the device.  Concurrently, to realize the 

potentially very high capacity of lightwave system, the light source used should be able to 

generate short pulses at high repetition rates and capable of being modulated and encoded. 

In metropolitan network a nonreturn-to-zero (NRZ) format is usually used for low 

bit-rate transmission due to the lower requirement of the electronic bandwidth.  However, 

such a format is not a good candidate for long-haul transmission between two 

metropolitan networks.  Therefore, a data format conversion from NRZ to return-to-zero 

(RZ) format is necessary.  In general, such a conversion is carried out by using an optical 

electronic optical (OEO) conversion.  The OEO conversion has some drawbacks such as 

small electronic bandwidth of available ICs, complexity, and high cost.  To overcome 

these problems, an all-optical (OOO) conversion is proposed to release the issue of the 

speed bottleneck due to the limited bandwidth of ICs.  Several all-optical NRZ-to-RZ 

format converter are proposed including a nonlinear active loop mirror (NALM), a 

cross-gain compression-based wavelength converter, a nonlinear optical loop mirror (NOLM), 

a cross-phase modulation based single travelling wave semiconductor laser amplifier 

(TWSLA), a gain-modulated semiconductor optical amplifier (SOA), self-phase modulation 
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(SPM) of SOA, a dual-wavelength injection locking in a FPLD, a cross-phase modulation in 

an SOA-based Mach-Zehnder interferometric wavelength converter, an optoelectronic 

oscillator, the transverse-magnetic mode absorption and SPM in a FPLD, an injection-locked 

FPLD at un-lasing condition, an SOA-loop-mirror, a Mach-Zehnder delay interferometer, and 

a dark-optical-comb injected SOA.  Among these techniques, an NRZ-to-RZ format 

converter by using a semiconductor laser is a potential candidate due to its low cost.  In 2002, 

Chow et al. demonstrated an all-optical NRZ-to-RZ data format conversion by using dual 

injection locking technique in a Fabry-Perot laser diode (FPLD).  In 2004, Jeong et al. 

demonstrated an all-optical NRZ-to-RZ data format conversion for further clock extraction by 

using the transverse-magnetic mode absorption and self-phase modulation (SPM) in a FPLD.  

In my dissertation, we demonstrate an all-optical NRZ-to-RZ data format converter by adding 

a modulation current with appropriate amplitude to synchronously modulate the FPLD.  By 

applying a injection-locking-induced threshold current reduction, an 

injection-locking-induced gain-switching is realized.  That is, when the synchronously 

modulated FPLD receives the incoming NRZ data stream with bit one (‘1’), the FPLD will 

change from unlasing condition into gain-switching operation.  Therefore, an all-optical 

NRZ-to-RZ data format converter is carried out.  Furthermore, by operating the FPLD-based 

NRZ-to-RZ data format converter with larger modulation amplitude than threshold condition, 

an all-optical OR gate is also demonstrated in the dissertation.  With strong injection locking, 

the injection-locking-induced RZ data has characteristics such as single mode operation, high 

side mode suppression ratio, enhanced modulation bandwidth, low chirp, and low timing jitter 

etc. 

To realize soliton transmission, a gain-switched pulse with red chirping must be 

compensated to a transform-limited pulse.  By using a spectral windowing, linear dispersion 

compensation, and a preemphasis technique, a scenario proposed by Nakazawa et al. provides 

a possible way to transmit the converted RZ-formatted data. 
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6.2 Suggestions for Future Work 
There are several possible directions for future work: 

1. The investigation of the threshold current reduction in vertical cavity surface emitting 

lasers (VCSELs) is a promising way due to its low threshold current, which implies that 

the required RF modulation amplitude can be greatly reduced. 

2. By using dual-wavelength injection locking technique in another FPLD or SOA-based 

wavelength converters, a TDM-to-WDM function can be realized. 

3. A soliton transmission experiment can be constructed for evaluation of the converted 

RZ-formatted data via a scenario of the dynamic soliton transmission. 

4. Numerical analysis can answer which type of semiconductor laser is suitable for such a 

NRZ-to-RZ data format converter. 
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