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Preface

The semiconductor laser is used widely in many important applications, especially
optical communications, optical storages, metrology and sensors, etc. New
achievements based on laser physics and laser technology emerge continuously,
such as the cold atomic clock, the optical clock, the optical coherent communica-
tion, and the high-precision interferometers and spectroscopy. These advanced
technologies put forward higher and higher technical requirements on semicon-
ductor lasers. The laser must work in a single longitudinal mode, with narrow
linewidth, low noises, and high-frequency stability; i.e., it must be a high-quality
single-frequency laser.

Numbers of textbooks and monographs on the semiconductor laser have been
published, giving a detailed explanation of its theory and characteristics, and
description of materials, device structures, and fabrication technologies. The pre-
vious publications seemed not to give enough room for recounting and analyzing
semiconductor laser’s coherence and noise. The research and development of
single-frequency laser involves physical mechanisms, designs of different optical
systems incorporated with semiconductor lasers, related electronic technologies,
and data processing. A book engaged specially in these topics is needed; it is just
the aim of this book.

This book is devoted to the explanation of basic concepts and theory of
single-frequency laser, description of related technological problems, and intro-
duction to progress in recent years. It can serve as a textbook for students, whose
specialty is on researches of the laser and its applications; also as a reference book
for the scientists and engineers working in the field. This book puts an emphasis on
the principles on optics, explains and discusses the related mechanisms with basic
formulas and explicit figures. The book cannot cover all aspects of the laser;
detailed references are listed for interested readers.

This book is composed of nine chapters. Chapter 1 is a brief induction to the
book. Chapter 2 recounts the fundamentals of semiconductor laser, which is helpful
for understanding the contents of other chapters. The focus of Chap. 3 is on the
characterization of laser coherence, noise, and stability, giving explanations of the
basic concepts and descriptions of the mathematical relations. Chapter 4 is engaged
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in the monolithically integrated semiconductor lasers, including the distributed
feedback semiconductor lasers (DFB), the distributed Bragg reflector semicon-
ductor lasers (DBR), and the vertical cavity surface emitting semiconductor lasers
(VCSEL). The external cavity lasers are described in Chap. 5, including those
composed of planar grating, Bragg grating, and external cavities. The technologies
of frequency stabilization are discussed in Chap. 6, with the details of those based
on the saturated absorption spectroscopy. The PDH method, after its inventor’s
names, is also described. Chapter 7 is devoted to the frequency sweeping of
semiconductor lasers, typically with methods of pump current modulation,
intra-cavity modulation, and by external modulators. Chapter 8 introduces the
frequency transfer and the technology of optical phase-locked loop (OPLL). The
optical frequency comb and related applications are also briefly introduced. Chapter
9 gives brief introductions to several attractive applications of single-frequency
semiconductor lasers, including the laser cooling and atomic clocks, the coherent
optical communications and microwave photonics, the precision metrology and
sensors, and the lidar.

The authors of this book, Zujie Fang, Haiwen Cai, Gaoting Chen, and Ronghui
Qu, are Professors of Shanghai Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences. The authors’ team has been working in the field for years.
They acknowledge their colleagues, especially Dr. Guofeng Xin, Dr. Dijun Chen,
Dr. Fang Wei, and Dr. Fei Yang; without their efforts the publication of this book
would not be possible. This book contains a lot of results from journals and
monographs, which have been cited in the related text. Authors acknowledge their
contributions to the field sincerely.

Shanghai, China Zujie Fang
Haiwen Cai

Gaoting Chen
Ronghui Qu
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Chapter 1
Introduction

1.1 Historical Review of Semiconductor Laser

The invention of laser (Light Amplification by Stimulated Emission of Radiation)
was an event with epoch making significance. Soon after emergences of the
microwave amplification by stimulated emission of radiation (maser) and the ruby
laser [1, 2], the stimulated emission from semiconductor was observed [3, 4].
Up-to-now the laser has been greatly developed, being one of the most important
achievements of advanced technologies. Among the various kinds of lasers, the
semiconductor laser is used most widely in people’s daily life, and with the highest
degree of industrialization. Its applications cover almost the entire field of opto-
electronics. The optical communications with semiconductor lasers as light source
become one of the foundation stones in the information infrastructure all over the
world. It is the key component for writing and reading signals on/from the optical
discs; it is used widely in information acquisition, such as in the peripheral parts of
computers. It plays also important roles in areas of military use and fundamental
scientific researches.

In the history of semiconductor laser development, the following events have
milestone significances.

The mechanism of stimulated emission based on transition between energy
bands in semiconductor was explained [5] in 1961. The laser emission was
observed from the P-N junction of GaAs in liquid nitrogen temperature in 1962
[3, 4].

The single heterojunction laser of GaAs/AlGaAs emerged in 1969 [6], opening a
way to reduce laser’s threshold greatly. The double heterostructure laser of
AlGaAs/GaAs/AlGaAs was fabricated, and continuous wave (cw) operation in
room temperature was realized in 1970 [7, 8]. It became the key device in optical
fiber communication systems soon.

The distributed feedback (DFB) laser was fabricated successfully in 1970s
[9, 10].

© Shanghai Jiao Tong University Press and Springer Nature Singapore Pte Ltd. 2017
Z. Fang et al., Single Frequency Semiconductor Lasers, Optical and Fiber
Communications Reports 9, DOI 10.1007/978-981-10-5257-6_1
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Research and development of the quantum well laser [11] and the strained layer
quantum well laser [12] began in 1980s.

The vertical cavity surface emitting laser (VCSEL) and the quantum cascaded
laser (QCL) came into being in 1990s [13, 14].

The wavelength band of semiconductor lasers has been expanded greatly since
1980s. Lasers in the bands of 1300–1500 nm, 980 nm, 650 nm, 2–3 lm, 10–
16 lm and in the blue and ultraviolet bands were realized earlier or later based on
various semiconductor materials.

The output power of semiconductor lasers was raised tremendously since 1990s;
modules with output more than ten thousands watt have been commercialized.

The theory founded by Einstein is no doubt the foundation of semiconductor
laser. Before the birth of lasers, John von Neumann presented an assumption for
realizing stimulated emission in semiconductor [15]. N.G. Basov, who won the
Nobel Prize in Physics 1964 together with C.H. Townes and A.M. Prokhorov,
proposed also an idea of semiconductor laser by using P-N junction [16]. The
proposal and success of semiconductor heterostructure is one of the most important
achievements; Z.I. Alferov and H. Kroemer was awarded the Nobel Prize in Physics
2000 for their contributions on developing semiconductor heterostructures used in
high-speed electronics and optoelectronics, including semiconductor lasers [17, 18].

Research and development of materials is the basis of semiconductor lasers. The
success of light emitting diode (LED) and laser in blue and ultraviolet bands relies
just on the III–V nitrides [19]. For their contribution to the light sources, I. Akasaki,
H. Amano, and S. Nakamura won the Nobel Prize in Physics 2014.

The same as other lasers the semiconductor laser features high brightness and
high coherence. The light emission in semiconductor occurs by transition between
the conduction band and the valence band, different from the transition between two
discrete energy levels in solid state and gas lasers. The physical process is related
tightly to the movement of electrons and holes in semiconductor. Such a mecha-
nism makes the semiconductor laser unique features different from the other kind
lasers.

(1) It works under direct electrical current injection, simply and conveniently; it has
higher efficiency of electric to optical energy conversion; whereas gas lasers
need electric discharge under high voltage, and solid state lasers work by
optical pumping.

(2) It can be modulated by the pumping current with very high speed; whereas
modulations of other lasers have to use external modulators. This is of great
significance, especially for high speed optical communications and other
optoelectronic applications.

(3) It has very small size and very light weight. It is compatible with the optical
fiber system and the high density optical storage. It is suitable for mass pro-
duction, and thus has advantages of low cost, the same as that of
microelectronics.

(4) Its working wavelength covers from ultraviolet to middle infrared bands,
selectable almost continuously.
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On the other hand, its disadvantages, compared with other lasers, are obvious.

(1) It has a widely divergent beam; especially its beam is asymmetric in vertical
and horizontal directions, except VCSELs. Although its brightness is similar to
that of other lasers, the collimation optics and related techniques are needed in
practical uses.

(2) Its spectral linewidth is larger than other lasers; and its lasing wavelength is
susceptible to the external disturbances. On the positive hand, it is easily
tunable.

(3) Its output power is small. The techniques of combination and packaging are
needed.

Because of the advantages its applications are being expanded continuously,
especially in the frontier of advanced scientific researches, such as laser cooling,
cold atomic clock, coherent optical communications, precision metrology, and
apparatus used in the space sciences. These applications put forward further
requirements on its characteristics and performances. Generally two trends are
notable in recent years. One is for high power output; the other is to enhance and
improve its coherence and beam quality greatly. The main symbols of high
coherence are the extremely narrow linewidth, and extremely low noises. The
purpose of this book is just to expound the principles and technologies of semi-
conductor lasers with narrow linewidth and low noises.

1.2 Single Frequency Semiconductor Lasers
and Their Applications

One of the main features of laser is its high coherence, including spatial coherence
and temporal coherence. The former means a high beam quality near the limitation
of diffraction, i.e. a high brightness, which is measured as the optical power per unit
area and per unit solid angle. The latter means a high mono-chromaticity, i.e. an
extremely narrow linewidth. The mono-chromaticity of light is relative. The light
resolved by a prism or a grating is monochromatic, compared with light from the
sun and incandescent lamps. Radiations generated by transitions between energy
levels of atoms or molecules have lines much narrower than that by ordinary
monochromator. The laser oscillation makes the line narrowed greatly further.
Frequency stabilization of the laser purifies the spectrum extremely. Lasers with
frequency linewidth less than 1 Hz have been achieved now.

Laser’s mono-chromaticity is measured by its linewidth dk, or frequency width
dm equivalently. It is also characterized by the coherence time sc, proportional to the
reciprocal of dm. The coherence length Lc is the distance of light propagation in
duration of sc, expressed as

1.1 Historical Review of Semiconductor Laser 3



sc ¼ 1
2pdm

¼ 1
c
k2

dk
¼ Lc

c
; ð1:1Þ

where c is the light velocity in vacuum. The direct effect of coherence is demon-
strated in the performance of optical interferometer. The largest usable optical path
difference (OPD) is just the coherence length of source; beyond Lc the interference
fringes become more and more indistinct; the precision and the resolution of
measurement are thus declined. The precision of interferometer is determined by the
clearness of interference fringes; its visibility is then defined as:

V ¼ expð�s=scÞ ¼ expð�LOPD=LcÞ; ð1:2Þ

where LOPD is the OPD of the interferometer, and s ¼ LOPD=c is the delay corre-
sponding to OPD. A high visibility towards unity requires the coherence length of
interferometer’s source much larger than the OPD length, corresponding to a larger
working distance.

The linewidth of a laser is related to its mode structure. Laser oscillation occurs
between two cavity mirrors. When the optical path is perpendicular to the mirrors
and the phase shift between roundtrip propagations equals integer multiple of 2p, a
standing wave optical field is formed, and longitudinal modes result in spectrum.
The mode amplitudes are usually not equal, determined by the gain spectrum and
mode selectivity mechanism. If a certain mode has amplitude much higher than the
others, it is called the main mode; the ratio of its amplitude to that of the second
high side mode is called the side mode suppression ratio (SMSR). If SMSR reaches
a high level, required by application, e.g. larger than 10, the laser is regarded as
working in a single longitudinal mode. The optical wave may propagate in cavity in
directions with different angles to the mirror, different field distributions will be
formed, determined by cavity structure, which are called the transverse modes.
Among them the mode with propagation direction parallel to the cavity length, or
with the smallest angle, is called the fundamental mode. The lasing wavelength of
high order transverse modes will deviate from that of fundamental mode. The
linewidth of longitudinal modes will be broadened by the accompanied transverse
modes. Therefore a narrow line signal frequency laser must work in a single lon-
gitudinal mode and in the fundamental transverse mode.

The laser linewidth is a reflection of its phase noise. Inherently, spontaneous
emission exists inevitably in the laser beam. As the pump to the laser increases, the
ratio of spontaneous emission to stimulated emission will go down with the line-
width narrowed. The formula of laser linewidth was given by its inventors, A.L.
Schawlow and C.H. Townes, in their original paper [20]:

dm ¼ 2phmðdmcÞ2=P; ð1:3Þ

where dmc is the half width at half maximum of the passive cavity resonance, which
is the reciprocal of photon’s lifetime for a roundtrip propagation in cavity, P is the
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output power. The larger the cavity length and the less the cavity loss, including the
transmission from mirrors, the longer the photon lifetime is. The high the power, the
lower the fraction of spontaneous content is.

In the growth history of semiconductor lasers, 1960s was the age of its infant; in
1970s the laser’s threshold was decreased greatly, benefited from the
hetero-junction, and cw operation at room temperature was realized. Laser cavity
design and fabrication for the fundamental transverse mode was achieved roughly
in 1980s. After many trials of schemes for controlling the longitudinal mode, the
DFB laser with performance of dynamically single longitudinal mode became the
first choice as the light source for optical fiber communications, and the semi-
conductor laser entered an era of big scale industrialization at the turn of the
century. However, many new applications, especially those in the frontier of
advanced science and technology, put forward more and higher requirements.
A few of them are listed as follows.

Coherent Optical Communications. The optical communication and the
computer push forward the information technology (IT) up to an unprecedented
level. However, people’s demand on the information increases continuously. The
coherent optical communication uses frequency, phase, and polarization state of the
optical wave, together with its amplitude, as information carriers; communication
capacity and speed are increased greatly. Much higher coherence, lower noises, and
higher stability of laser source are then required [21].

Researches of Cold Atomic Physics. Laser cooling of atoms is one of most
important achievements in laser technology, which improves the frequency stan-
dard and time standard for several orders. For the contributions in development of
methods to cool and trap atoms with laser light, Steven Chu, C. Cohen-Tannoudji
and W.D. Phillips was awarded the Nobel Prize in Physics 1997 [22]. The devel-
opment of cold atomic clock pushed emergence of optical clock, which takes the
optical frequency comb as the method of frequency counting, another important
achievement in laser technology. J.L. Hall and T.W. Hänsch won the Nobel Prize in
Physics 2005 for their contributions to the development of laser-based precision
spectroscopy, including the optical frequency comb [23]. The two achievements
utilize many advanced technology of optics and lasers; among them the high quality
single frequency semiconductor laser plays an indispensable role.

High Precision Metrology and Spectroscopy. The optical interferometer
played important roles in the history of science. One of the experimental bases of
Einstein relativity was the result of measurement of light velocity in “ether” by
Michelson interferometer. Since then the interferometry has been used continuously
and widely in many areas; e.g. people are using it to measure the inertial wave.
Interferometers with semiconductor lasers as the source attract more and more
attentions of scientists and industrialists. A typical example is the hydrophone and
geophone [24], which is used in different areas from oceanography and geoscience
to navigation, fishery, and seismic wave detection.

These applications and more others put forward higher and higher requirements
on laser characteristics and performances.
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(1) Linewidth. The linewidth of an ordinary semiconductor laser is usually much
larger than that of gas lasers and solid state lasers, because the cavity length is
much shorter and the reflectivity of cavity mirror is much lower than those of
the latter two. The linewidth of DFB laser has been reduced to the order of
MHz. In the high precision interferometer and spectroscopy the linewidth is
required less than kHz, even in the order of Hz. The first task of single fre-
quency laser is to reduce its linewidth further. The method used mostly is to
design and build an external cavity laser with longer cavity length and higher
cavity mirror reflectivity.

(2) Frequency Stabilization. In the laser cooling and technologies with cooled
atoms, the precision laser spectroscopy and interferometry, and in many other
related applications, frequency noises and drifts of the source will degrade the
precision and effectiveness of related apparatus definitely. Therefore the laser
frequency must be tuned and stabilized exactly at a certain absorption line of
the material. The frequency stabilization involves physical mechanisms of
linewidth broadening. For the achievement of saturated absorption spec-
troscopy A.L. Schawlow won the Nobel Prize in Physics 1981 [25]. The fre-
quency width down to Hz and below was realized the frequency stabilization
with an ultra-stable Fabry-Perot cavity, i.e. PDH method, invented by R.V.
Pound, R.W.P. Drever and J.L. Hall [26].

(3) Tunability and Frequency Sweeping. Practical applications require also the
laser frequency swept over a range, fast and linearly or in a certain waveform,
with the linewidth kept narrow enough in the sweeping. It is also required in
applications that the laser frequency can be transferred to arbitrary frequencies.

(4) Low Noises. The noise level of semiconductor laser is much higher than those
of gas and solid state lasers, because of the direct coupling between photons
and electrons injected by current, and the susceptibility of semiconductor to the
external disturbances. Noise reduction is one of the most important tasks for the
single frequency laser, including the intensity noise, the frequency noise, and
the frequency stability. For the purpose different schemes were proposed to
stabilize laser’s frequency, and new technologies are being developed.
Obviously, it is necessary to measure and characterize the noise, especially the
noise spectrum. Furthermore, the optical phase should be locked under a
required error level between lasers, the technology of optical phase locked loop
(OPLL) is thus developed.

(5) Polarization and Its Controllability. Polarization variation is one of the noise
origins in many laser applications, such as in interferometers. A stable and
controllable polarization state is one of the performances of a single frequency
laser. The control and improvement of beam quality is required simultaneously.
In recent years, research of photon’s angular momentum, especially the orbital
angular momentum (OAM) of light has attracted people’s attention [27].

The semiconductor laser is being developed continuously. Its performances are
being improved fast; new experimental phenomena are observed one after the other,
and physical mechanisms are being discovered; its applications are expanded
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rapidly and widely. Different applications may put forward more requirements;
many advanced technologies on optics, electronics and mechanics, are necessary
for high level devices and apparatuses. This book cannot cover such new devel-
opments and all related respects; it will put emphasis on the optical characteristics,
their basic mechanisms, and the technologies related mainly to the spectral prop-
erties of semiconductor lasers.

References

1. Gordon J, Zeiger H, Townes CH (1955) The maser—new type of microwave amplifier,
frequency standard, and spectrometer. Phys Rev 99(4):1264–1274

2. Maiman TH (1960) Stimulated optical radiation in ruby. Nature 187:493–494
3. Nathan MI, Dumke WP, Burns G et al (1962) Stimulated emission of radiation from GaAs

P-N junction. Appl Phys Lett 1(3):62–64
4. Hall RN, Fenner GE, Kingsley JD et al (1962) Coherent light emission from GaAs junctions.

Phys Rev Lett 9(9):366–368
5. Bernard MGA, Duraffourg G (1961) Laser conditions in semiconductors. Phys Status Solidi

47:699–703
6. Hayashi I, Panish MB, Foy PW (1969) A low-threshold room-temperature injection laser.

IEEE J Quantum Electron 5:211
7. Panish MB, Hayashi I, Sumski S (1970) Double-heterostructure injection lasers with

room-temperature thresholds as low as 2300 A/cm2. Appl Phys Lett 16(8):326–327
8. Kressel H, Hawrylo FZ (1970) Fabry-Perot structure AlxGa1-xAs injection lasers with

room-temperature threshold current densities of 2530 A/cm2. Appl Phys Lett 17(4):169–171
9. Kogelnik H, Shank CV (1972) Stimulated emission in a periodic structure. Appl Phys Lett

18:152–154
10. Scifres DR, Burnham RD, Streifer W (1974) Distributed-feedback single heterojunction GaAs

diode laser. Appl Phys Lett 25:203–206
11. Holonyak N, Kolbas RM, Dupuis RD et al (1980) Quantum-well heterostructure lasers.

IEEE J Quantum Electron 16(2):170–186
12. Adams AR (2011) Strained-layer quantum-well lasers. IEEE J Sel Top Quantum Electron 17

(5):1364–1373
13. Jewell JL, Harbison JP, Scherer A et al (1991) Vertical-cavity surface-emitting lasers: design,

growth, fabrication, characterization. IEEE J Quantum Electron 27(6):1332–1346
14. Faist J, Capasso F, Sivco DL et al (1994) Quantum cascade laser. Science 264(5158):553–556
15. Townes CH (1999) How the laser happened: adventures of a scientist. Oxford University

Press, Oxford
16. Guo Y, Shen H (2002) The nobel prize in physics (a centenary volume). Shanghai Press of

Science Popularization, Shanghai (in Chinese)
17. Kroemer H (1963) A proposed class of hetero-junction injection laser. Proc IEEE 51

(12):1782–1783
18. Alferov ZI (2000) The double heterostructure: concept and its applications in physics,

electronics and technology. http://www.nobelprize.org/mediaplayer/index.php?id=970.
Accessed 14 Nov 2016

19. Akasaki I, Amano H, Koide Y et al (1989) Effects of AlN buffer layer on crystallographic
structure and on electrical and optical properties of GaN and Ga1-xAlxN (0 < x<= 0.4) films
grown on sapphire substrate by MOVPE. J Cryst Growth 98(1–2):209–219

20. Schawlow AL, Townes CH (1958) Infrared and optical masers. Phys Rev 112:1940–1949

1.2 Single Frequency Semiconductor Lasers and Their Applications 7

http://www.nobelprize.org/mediaplayer/index.php?id=970


21. Ip E, Lau APT, Barros DJF et al (2008) Coherent detection in optical fiber systems. Opt
Express 16(2):753–791

22. Chu S (1998) The manipulation of neutral particles. Rev Mod Phys 70(3):685–703
23. Hänsch TW (2006) Nobel lecture: passion for precision. Rev Mod Phys 78(4):1297–1309
24. Nash P (1996) Review of interferometric optical fibre hydrophone technology. IEEE Proc—

Radar Sonar Navig 143:204–209
25. Schawlow AL (1982) Spectroscopy in a new light. Rev Mod Phys 54(3):697–707
26. Drever RWP, Hall JL, Kowalski FV et al (1983) Laser phase and frequency stabilization

using an optical resonator. Appl Phys B 31(2):97–105
27. Padgett M, Courtial J, Allen L (2004) Light’s orbital angular momentum. Phys Today 57

(5):35–40

8 1 Introduction



Chapter 2
Fundamentals of Semiconductor Lasers

2.1 Stimulated Emission in Semiconductor

The principles of semiconductor laser have been expounded in textbooks and
monographs [1–8]. A brief introduction to its basic physics and characteristics is
given in this section.

(1) Population Inversion in Semiconductor

Light emission in semiconductors occurs due to transitions between the conduction
band and the valence band, i.e., the emission by inter-band recombination of car-
riers. The active particles in semiconductor are nonequilibrium carriers, including
electrons in the conduction band and holes in the valence band. The electron
population obeys Fermi-Dirac distribution [1, 2]:

fVðE1Þ ¼ 1
exp½ðE1 � F1Þ=kBT� þ 1

; ð2:1aÞ

fCðE2Þ ¼ 1
exp½ðE2 � F2Þ=kBT � þ 1

; ð2:1bÞ

where the subscripts V and C stand for the valence band and the conduction band,
E1 and E2 are the electron energies, and F1 and F2 are their Fermi energy levels in
the two bands, respectively; kB is Boltzmann constant, T is Kelvin temperature. The
probability of holes’ population is ½1� fVðE1Þ�:

The electrons in the conduction band and the holes in the valence band can move
freely in the volume. The Fermi levels of two bands are equal with each other under
equilibrium, F1 ¼ F2, determined by the electrical neutrality, including the dis-
charged donors and acceptors. At the nonequilibrium state, the neutrality is
maintained dynamically; but the Fermi levels are not equal, F1 6¼ F2, and vary with
injected carrier density, called quasi-Fermi levels. At high injected carrier densities,
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F1 and F2 will move towards the top of valence band, EV, and the bottom of
conduction band, EC, respectively; and even enter the bands, as shown in Fig. 2.1.

The recombination probability of electrons and holes is proportional to their
concentrations for the spontaneous emission, and also to the photon density for
stimulated emission or absorption. The transition rates are expressed as

rsp ¼ A21fCð1� fVÞ; ð2:2aÞ

r12 ¼ B12fVð1� fCÞPðE21Þ; ð2:2bÞ

r21 ¼ B21fCð1� fVÞPðE21Þ; ð2:2cÞ

where rsp , r12 and r21 are the rates of spontaneous emission, absorption and
stimulated emission, respectively; PðE21Þ is the density of photons, whose energy is
E21 ¼ E2 � E1 ¼ hm; A21, B12 and B21 are Einstein coefficients. Under condition of
thermal equilibrium, the transition rates satisfy relation of rsp þ r21 ¼ r12, resulting
in photon density expressed as [1, 2]:

PðE21Þ ¼ A21fCð1� fV Þ
B12fV ð1� fCÞ � B21fCð1� fVÞ ¼

A21

B12 expðE21=kBTÞ � B21
: ð2:3Þ

According to Plank black body radiation law, the radiation density is expressed
as

Pðm; TÞ ¼ 8pn3hm3

c3
1

expðhm=kBTÞ � 1
; ð2:4Þ

with the unit of energy per volume per Hz. Einstein coefficients are then obtained as
[1, 2, 7]

B12 ¼ B21; ð2:5aÞ

A21 ¼ 8pn3hm3

c3
B21: ð2:5bÞ

Fig. 2.1 Distributions of
electrons and holes in
conduction band and valence
band
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When nonequilibrium carriers are injected into the material the stimulated
emission rate will increase. When it exceeds the absorption rate, i.e., r21 [ r12, the
medium will amplify the incident light. The condition of stimulated emission is thus
derived [1, 2] as

fCð1� fV Þ[ fV ð1� fCÞ; ð2:6aÞ

or equivalently

F2 � F1 [E2 � E1 ¼ hm � EC � EV ¼ Eg: ð2:6bÞ

It is just the condition of population inversion of the semiconductor laser, with a
form different from that of the conventional solid state and gas lasers. The net
stimulated emission rate is

rst ¼ r21 � r12 ¼ B21ðfC � fV ÞPðhmÞ; ð2:7Þ

and the gain coefficient per unit path is obtained as

g ¼ rst=½vgPðhmÞ� ¼ B21ðfC � fV Þ=vg; ð2:8Þ

where vg is the group velocity of light. With DF ¼ F2 � F1, the spontaneous
emission rate is expressed as

rsp ¼ A21fCð1� fV Þ ¼ 8pn2hm3

c2
g

1� eðhm�DFÞ=kBT : ð2:9Þ

It is indicated that the spontaneous emission spectrum is different from the gain
spectrum. In region of hm\F2 � F1 both of the gain and spontaneous emission rate
are positive; in region of hm[F2 � F1 the gain is negative while the spontaneous
emission remains positive.

The electrons and holes are actually distributed in sub-energy levels of the
bands, so that the emission and absorption rates should be calculated by integration
over the energy weighted with the state density. The state density function depends
on the material structure and the physical situation, such as temperature. The related
theory can be found in the literature, e.g., in Ref. [9]. Figure 2.2 shows the spon-
taneous emission spectrum and gain spectra of different injected carrier densities
schematically [1, 2, 10, 11].
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(2) Requirement on Band Structure of Materials

In inter-band transitions, apart from the energy conservation of E2 � E1 ¼ hm, the
momentum conservation law must be satisfied simultaneously, that is

p2 � p1 ¼ pph; ð2:10Þ

where p1 and p2 are the carrier momentums before and after transition; pph is the
photon’s momentum. The carrier’s momentum in crystals is given by p1;2 ¼ �hK1;2,
where K1;2 is the wavevector of carriers’ wave function; whereas the photon’s
momentum is pph ¼ �hk with its wavevector k: K1;2 is in the order of crystal lattice
constant, which is much smaller than photon’s wavelength. Therefore, the photon’s
momentum is much smaller than carrier’s, so that the carrier’s momentum is
required unchanged after transition, p1 ¼ p2.

The band structures of semiconductor are divided into two categories: the direct
bandgap and the indirect bandgap as shown in Fig. 2.3. The transition in direct
bandgap materials occurs near the zero point of wavevector space with the
momentum conservation law satisfied. The valley of conduction band of the indi-
rect bandgap is far away from the zero point. The transition in indirect bandgap
materials must be incorporated with a phonon, which is the quantized particle of
crystal lattice vibrations and has a larger momentum and a lower energy than those
of photons. That is to say, the optical transition involves three particles, resulting in
much lower transition probability. Such a property can be characterized by the

Fig. 2.3 Energy band
structures of direct and
indirect bandgap
semiconductor

Fig. 2.2 Gain spectra and
spontaneous emission
spectrum (with
N1 < N2 < N3 < N4 < N5)
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carrier’s lifetimes: it is around nanosecond for direct bandgap materials, whereas in
the order of millisecond for indirect bandgap materials. Therefore, the stimulated
amplification can hardly occur in the indirect materials. Most of III–V compounds
belong to the direct bandgap material, satisfy the precondition of lasing.

It is seen from the above analysis that the photon energy of semiconductor laser
is equal to the difference of quasi-Fermi levels, which corresponds to the
bandgap. Semiconductor laser in a very broad spectral band, from ultraviolet
through middle infrared, can be obtained by using different semiconductors and
their solid solutions with different compositions of compounds. Figure 2.4 shows
the lattice constants and bandgaps of semiconductors, used most frequently for
lasers, light emitting diodes, and some detectors [12, 13]. Apart from III–V com-
pounds, some IV–VI group compounds have direct bandgaps, such as PbS, which
are used to make lead-salt semiconductor lasers working in middle infrared bands.

2.2 P-N Junction, Heterostructure, and Quantum Well

2.2.1 Carrier Injection with P-N Junction

It is necessary for lasing in semiconductors to inject carriers with density high enough
to get the quasi-Fermi levels entering the conduction band and the valence band,
respectively. One of the methods is the optical pump; the other is electron beam
injection in vacuum.The efficiency of thesemethods is very low, andnot convenient in
practice. Fortunately, semiconductor P-N junction provides an excellent way to inject
high concentration carriers. P-N junction is composed of P-type and N-type regions
with lattice constants matched with each other. Carriers can move between the two
regions byboth of drifting under electricfield anddiffusion under carrier concentration
gradient. Figure 2.5 depicts the band structure of P-N junction schematically.

At the equilibrium without voltage applied, electrons and holes diffuse towards
the opposite directions over the interface of P-N junction. Thus two carrier depleted
layers on both sides of the junction result with discharged positive donors and

Fig. 2.4 Crystal lattice
constants and bandgaps of
semiconductors
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negative acceptors remained. The built-in Coolum field equilibrates the carrier’s
diffusion, leading to the energy bands of the two regions shift with each other, as
shown in Fig. 2.5a. When a positive bias is applied on P-region, its energy level
(with respect to electrons) goes down; the electrons are injected into P-region from
N-region and holes injected in opposite direction, generating the positive injected
current. The nonequilibrium carriers are thus concentrated on two regions near the
junction; photons emit then due to the recombination of nonequilibrium carriers.

Fermi levels near the junction are now separated into two quasi-Fermi levels
corresponding to electrons and holes as shown in Fig. 2.5b. When the applied
voltage increases further towards the bandgap, the injected carriers are accumulated
higher and higher, and the quasi-Fermi levels will enter the bottom of conduction
band and the top of valence band, respectively; the stimulated amplification of
emission will then occur. Therefore, the working voltage of semiconductor laser in
Volt is roughly equal to the bandgap

V �Eg=e ¼ 1:24=k; ð2:11Þ

where Eg is the bandgap in eV, k is the lasing wavelength in lm. The working
voltage of most commonly used near-infrared lasers is around 1 V. The actual
voltage measured on the electrodes will be a little higher than bandgap, since the
series resistance exists apart from the junction voltage, which includes the
Schottkey barriers on metal–semiconductor contact between laser material and
electrodes and the resistance of volume materials. Compared with other lasers, the
low working voltage is an outstanding advantage.

Obviously, the laser should be made of highly doped low resistivity materials,
which benefit not only a low series resistance, but also a higher injected carrier
concentration. It is because the equilibrium Fermi levels are close to the bottom of
conduction band and the top of valence band respectively; the quasi-Fermi levels
are easier to be shifted to satisfy the lasing condition.

2.2.2 Heterostructure and Quantum Well

The carrier’s diffusion is a limitation to increase of carrier concentration for
homo-junction composed of the same semiconductors. If the injected carrier can be

Fig. 2.5 a P-N junction at equilibrium; b Non-equilibrium under positive voltage bias
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confined in a thin layer, its concentration will be enhanced effectively. H. Kroemer
and Z. Alferov proposed a new concept of heterojunction [14, 15], that is, to build a
barrier close to the junction by two semiconductors with bandgaps a little difference
but lattice constants nearly the same. The barrier prevents the injected carriers from
diffusion, so that a much higher carrier concentration can be obtained under the
same injected current, resulting in a much lower threshold. Figure 2.6a shows the
band diagram of double heterostructure schematically; in a small region the elec-
trons and holes injected from larger bandgap semiconductors are accumulated with
higher concentration and higher gain.

The refractive index of semiconductor is dependent on its band structure, espe-

cially the bend gap; for compound semiconductor, roughly n / E�1=4
g [16]. The index

of active region with smaller bandgap is larger than two sides, as depicted in
Fig. 2.6a. Therefore, the heterostructure forms a planar optical waveguide also. To
increase the injected carrier concentration the carrier confinement layer is designed
as thin as several nanometers, for example, which may be too thin to be the core of
optical waveguide. Thus a separate confinement heterostructure (SCH) was proposed
as shown in Fig. 2.6b, which is widely used in many semiconductor laser structures.

When the thickness d of active layer is decreased to nearly equal or less than the
electron’s de Broglie wavelength, the layer becomes a quantum well (QW), where
the energy of carriers is quantized into sub-levels, roughly expressed as: E ¼
n2h2=ð8m�d2Þ; where n ¼ 1; 2; . . . is integers, m* is the effective mass of carriers
[17], as shown schematically in Fig. 2.7a. Compared with the ordinary

Fig. 2.6 a Double heterojunction; b Separate confinement heterostructure

Fig. 2.7 a Energy levels of a square potential quantum well; b Stretched strained layer QW;
c Compressed strained layer QW
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heterostructure lasers, the quantum well laser enhances further the population
inversion, showing excellent characteristics, such as higher gain coefficient, higher
modulation response, and lower temperature sensitivity.

The quantum well can be made not only of semiconductors with matched lattice
constants, but also of materials with slightly different lattice constants. In the latter
case, the quantum well is deformed asymmetrically in directions perpendicular and
parallel to the layer, while the junction is maintained as a mono-crystal under
certain conditions. The material is called strained layer quantum wells, including
that compressed in plane of crystal growth and stretched in the plane, as depicted in
Fig. 2.7b, c [18]. The achievement of strained layer quantum well broke through
the limitation of lattice matching, and the spectral range of semiconductor laser is
expanded greatly.

Due to the strains, the energy band structure is modified and new properties with
unique features are exploited. The design and fabrication of strained layer quantum
well is termed the energy band engineering [19]. Based on the related theory and
technology, a new kind of semiconductor laser, quantum cascaded laser (QCL), is
invented, which makes use of transition between sublevels of the quantum well,
instead of transitions between the valence band and the conduction band [20]. The
wavelength range is thus further expanded, especially in infrared band, whereas it is
not easy for the ordinary LD based on inter-band transition to work at room tem-
perature, because the concentration of thermal excited equilibrium carriers is too
high to realize the population inversion in such a low bandgap materials.

The fabrication of semiconductor lasers relies on a series of advanced tech-
nologies, which can be found in monographs and journals. Nowadays, semicon-
ductor lasers and LEDs from ultraviolet to middle infrared bands have been
realized, and most of them are commercially available [21].

2.3 Cavity Structure and Transverse Modes

2.3.1 Basic Structure and Transverse Modes

A typical structure of semiconductor laser is shown in Fig. 2.8. It is a semicon-
ductor P-N diode; that is why the semiconductor laser is called also laser diode
(LD), or diode laser. The active region is a thin core layer of optical waveguide, its
thickness is usually less than 1 lm; its upper and beneath layers are the P- and
N-type claddings. The active region is confined laterally by burying materials with
lower index and high resistivity, forming a stripe in width of only 2–5 lm to reduce
the pump current and to maintain the fundamental transverse mode. The cavity is
composed of the two cleaved facets of semiconductor crystal. Most of semicon-
ductors for lasers are III–V compounds with cubic crystal structure. Their feasible
cleaved facet is surface [110], which is perpendicular to the active layer grown on
surface [100]. The cavity length is typically in range of 0.3–1.0 mm. The electrodes
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are fabricated on its upper and bottom surfaces. The LD chip is with thickness of
about 0.1 mm, and width of sub-millimeter, showing its outstanding advantages of
small size and small weight.

The multiple layers are grown on the substrate, usually by liquid phase epitaxy
(LPE), or molecular beam epitaxy (MBE), or metal organic vapor phase epitaxy
(MOVPE). The processing of material growth, device fabrication and packaging are
very similar to that of ordinary microelectronic devices, except for the cavity mirror
by cleaving and for the output via windows or fiber coupling. Therefore, the
semiconductor laser is suitable for mass production with the advantage of low cost.

As stated above, the heterostructure plays a role of planar optical waveguide; the
larger bandgap and lower index materials are the cladding, and the smaller bandgap,
higher index layer is the core, in which the P-N junction is contained. The
waveguide determines the transverse modes in dimension perpendicular to the
junction. For a symmetric three region waveguide as shown in Fig. 2.9 the electric
field in the junction plane (TE mode) is expressed as [1, 2].

Ey ¼ Eyð0Þ
cosðjd=2Þecðxþ d=2Þ x� � d=2
cosðjxÞ �d=2\x\d=2
cosðjd=2Þecðd=2�xÞ x� d=2

8<
: ; ð2:12aÞ

Ey ¼ Eyð0Þ
sinðjd=2Þecðxþ d=2Þ x� � d=2
sinðjxÞ �d=2\x\d=2
sinðjd=2Þecðd=2�xÞ x� d=2

8<
: ; ð2:12bÞ

where j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21k

2 � b2
q

, c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � n22k

2
q

; b is the optical wavevector in z-

direction. (2.12a) and (2.12b) correspond to even modes and odd modes; their eigen
equations are tanðjd=2Þ ¼ c=j and tanðjd=2Þ ¼ �j=c , respectively. For TM

Fig. 2.8 Schematic structure of a typical semiconductor laser
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mode, the magnetic field is in junction plane, with HyðxÞ expressed the same as
(2.12a) and (2.12b), but the eigen equations should be written as tan jd=2 ¼
n22c=n

2
1j and tan jd=2 ¼ �n21j=n

2
2c. Multiple solutions are given from the two

transcend equations, with b determined as a function of thicknesses and indexes of
core and cladding.

Most of semiconductors work in TE modes, which is with the electric field in the
plane of P-N junction. It is attributed to the factor that the facet reflectance for TE
modes is a little higher than that of TM modes [1, 2], resulting in lower threshold of
TE modes. The degree of polarization increases with the output power increasing.
By special designs, the stained layer quantum well can be made with gain coefficient
of TM mode higher than that of TE mode; a TM mode laser can then be realized.
Since the core thickness is very small, usually less than 1 lm, only the fundamental
mode with the largest b works, while all the higher order transverse modes are
suppressed. Figure 2.9a, b depict the lowest even and odd TE modes schematically.

In the dimension of junction plane, multiple transverse mode operation is easy to
occur, which is not welcome to most applications. In solid-state lasers and gas
lasers, the cavity is composed of optical components, the transverse mode can be
designed. The LD cavity is made of cleaved facets; its lateral boundary has to be
formed by semiconductor processing, at the stage of material growth and/or chip
fabrication. Figure 2.10 shows several typical structure of lateral confinement, such
as the burred heterostructure, the ridge waveguide, the channeled substrate planar
waveguide.

In the burred heterostructure, a stripe mesa is formed and then burred by higher
bandgap semiconductor. The ridge waveguide is probably the mostly often used
structure, where the thickness of upper cladding out of the stripe is thinned in
processing, while the thickness above the stripe remains the original size, resulting
in an effective index difference between the two regions. The channeled substrate

Fig. 2.10 Typical LD structures in lateral dimension: a Burred heterostructure; b Ridge
waveguide; c Substrate planar structure

Fig. 2.9 Transverse TE modes. a Even mode; b odd mode

18 2 Fundamentals of Semiconductor Lasers



planar waveguide can be regarded as an upper-and-down reversed ridge waveguide.
To ensure the laser operated at the fundamental lateral mode, the index difference
should be made small, and the stripe width should also be small enough, such as
2–5 lm and less.

2.3.2 Index Guiding and Gain Guiding

The complex expression of electro-magnetic wave may take either form of
exp½jðxt � kzÞ� or exp½jðkz� xtÞ�. The latter is used in this book, except for cases
specified otherwise. The index of a medium with gain or loss should be expressed
as a complex n ¼ nr þ jni; and its imaginary part is thus written as ni ¼ �g=2k. The
effective index difference can be generated either by the real part of complex index,
as in the structures of Fig. 2.10, or by its imaginary part. The former is called index
guiding, whereas the latter is called gain guiding. The gain guiding is a unique
effect in semiconductor lasers. Figure 2.11a shows a planar stripe structure with
current distribution confined by dielectric isolator, Fig. 2.11b gives a picture of
gain-guided lateral mode.

The distribution of gain coefficient in y-direction can be described basically by a
parabolic function niðyÞ ¼ dnð1� y2=y20Þ: Substitute it into Maxwell equations, a
lateral mode field in Gaussian–Hermit function can be obtained as

EyðyÞ ¼ HqðjyyÞ exp½�ðqþ 1=2Þj2yy2�
/ E0 exp½�ð1þ jvÞy2=y21�:

ð2:13Þ

where Hq is the qth Hermit polynomial, j2y ¼ ð1� jÞ ffiffiffiffiffiffiffiffi
ndn

p
k=y0. The second

expression of (2.13) is the fundamental lateral mode with H1 ¼ const: v is intro-
duced to describe the different curvatures of real part and imaginary part of index
with the real index distribution taken into account.

It is seen from Exp. (2.13) that the optical wave in the waveguide has a Gaussian
amplitude distribution, and the wavefront is no longer a plane but a parabolic
surface. Figure 2.12 shows its wavefront and that of index-guided lasers for
comparison.

Fig. 2.11 a A planar stripe structure; b Diagram of gain-guided waveguide
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The different wavefront inside the waveguide will lead to different characteristics
of the beams emitted from laser cavity. The beam is approximately described by a
Gaussian beam with different divergences in directions of perpendicular and parallel
to the junction plane, which are usually called the fast and slow axes, corresponding
to the modes with a lower and a higher effective index. In the slow axis, the positions
of beam waist for gain guiding and for index guiding are different. For the former, it
is located behind the laser facet because of the convex wavefront, whereas it is at the
laser facet for the latter. In the fast axis, the wave is guided by pure index distri-
bution, and the beam waist is just at the facet. Therefore, an astigmatism exists in
gain guide lasers, whereas it is negligibly small in the index-guided laser. The
strength of astigmatism is characterized by K factor, defined as [22, 23].

K ¼
R

EðyÞj j2dy
h i2
R
E2ðyÞdy�� ��2 ð2:14Þ

It is deduced from Exp. (2.13) K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ v2

p
. For index guiding, K = 1; for pure

gain guiding with v = 1, K ¼ ffiffiffi
2

p
. Since the derivative of real index with respect to

carrier density is negative in semiconductors, a nonuniform carrier density distri-
bution in y-direction will induce also a real index guiding. A parabolic carrier
density distribution exists in practice, corresponding to a concave index distribu-
tion, giving the effect of anti-guiding. In such a case, K >> 1 may result under some
conditions.

Since the sizes of fundamental mode LD are very small, the divergence angles of
output beam are quite large, typically 10 � 40°, much larger than that of solid-state
laser and gas laser, which are in the order of milliradian. Therefore, an optical
collimation system is usually necessary in LD applications; the beam characteris-
tics, especially its astigmatism, must be taken into consideration in the optics
design.

2.3.3 Laser Array and Modules

The narrow stripe LD is very useful, because it can work in the fundamental
transverse and lateral mode, which is one of the basic conditions of single

Fig. 2.12 Wavefront of index-guided laser (a) and gain-guided laser (b)
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frequency operation. Another advantage is its capability of coupling with the optical
fiber. Besides, there is a big area of applications which need the laser power as high
as possible, such as for pumps of all-solid-state lasers and for medical applications.
The high power laser is usually composed of multiple broad area stripes to build an
array; and even build a stack with several LD array bars. Figure 2.13a depicts such
an array. When the spacing between stripes is narrowed to a certain degree, optical
coupling between stripes will occur, resulting in optical phase locked. Such an array
is called the phased array. Its mode behavior should be analyzed by the super-mode
theory [24]. The mode with zero phase difference between adjacent stripes is the 0th
order super-mode, whose output beam is a single narrow lobe. The mode with p
phase difference between adjacent stripes is the highest order super-mode with
output beam of two narrow lobes, as shown in Fig. 2.13b. Generally the highest
super-mode has the lowest threshold. The divergence angle is greatly narrowed by
the phase locking. However, the thermal performance is more important for high
power lasers; a wide spacing between stripes is beneficial for reducing temperature
rising at high pump current. In order to obtain higher power, LD stacks are also
developed, as shown in Fig. 2.13c, which is suitable for pulsed operations.

2.4 Rate Equation and Output Characteristics

2.4.1 Lasing Condition

The LD cavity is composed of two cleaved facets, which are parallel with each
other naturally for single crystal materials. Such a cavity is called Fabry-Perot (F-P)
cavity. By the same method as that used in analyzing F-P resonator [1, 2], its
transmission can be obtained as

Eout

Ein
¼ t1t2 expðjbLÞ

1� r1r2 expðj2bLÞ ; ð2:15Þ

where b ¼ ðnr þ jniÞk and ni ¼ ðac � gÞ=2k with loss coefficient ac inside the

cavity. r1;2 ¼
ffiffiffiffiffiffiffiffi
R1;2

p
are the field reflectance of the two facets; t1;2 ¼ ð1� r21;2Þ1=2 in

Fig. 2.13 a LD array; b Far field patterns of a phase locked LD array; c LD stack
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case of no loss at facets. When the device gives a finite output Eout under condition
of a null input field Ein, the laser is lasing. The lasing condition is thus defined as

r1r2 expðj2bLÞ ¼ 1: ð2:16Þ

From its real part, r1r2 expð�2nikLÞ ¼ 1; the threshold gain is obtained

gth ¼ ac þ 1
2L

ln
1

R1R2

� �
: ð2:17Þ

The phase condition of lasing is from the imaginary part of (2.16), 2nrkL ¼ 2mp, i.e.

2nrL ¼ mkm: ð2:18Þ

It is seen that the lasing wavelengths are a series of discrete values, termed the
longitudinal modes. The spacing between the adjacent longitudinal modes is
deduced as

Dk ¼ k2=ð2ngLÞ; ð2:19Þ

where ng ¼ n� kð@n=@kÞ is its group index, with the chromatic dispersion of
medium index taken into account. The typical phase index of semiconductor is near
3.6, and the group index is around 4.0.

Semiconductor lasers have noticeable features different from solid-state lasers
and gas lasers

(1) High gain coefficient. It is because the doping concentration in semiconductor
is as high as in the order of 1018 cm−3, much higher than densities of active
particles in solid and gas; and every doped atoms can contribute one carrier,
resulting in higher gain coefficient.

(2) Due to the high gain coefficient, it is not necessary to use cavity mirrors with
high reflectance. That is why a plain cleaved facet can serve the mirror.
According to Fresnel formulas, the reflectance of optical intensity is about 0.32,
much lower than that used in other lasers, which is often near unity.

(3) Due to the high gain coefficient, a short cavity length is enough to get high
single trip gain. The cavity length of ordinary LD is only 0.3–0.5 mm; for high
power LD, it is around 1 mm. The short cavity length results in large longi-
tudinal mode spacing.

(4) The gain spectrum is much wider than that of gas lasers and solid-state lasers. It
is because the transition occurs between energy bands, rather than between
narrow levels.
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2.4.2 Rate Equations

The rate equations of semiconductor laser have been discussed in detail in mono-
graphs and papers [6, 25] and used often for analyzing its characteristics. Compared
with gas and solid-state lasers with three or four energy levels involved, the rate
questions of semiconductor laser have different features.

(1) The active particles at the lower level are not electrons but holes. The con-
centrations of non-equilibrium electrons and hole are equal with each other to
meet the requirement of electric neutrality. Therefore only electrons in the
conduction band needs to be taken into account.

(2) The photon density inside the cavity along the propagation direction is
nonuniform, because of the low mirror reflectance and high gain coefficient.

(3) The active carriers are generated by current injection. The pump term in the rate
equation is directly written as the injected electron density.

The rate equation of carrier concentrationN and photon density p is thus written as

@N
@t

¼ J
ed

� Rsp � Rnr � vgC
X
m

gmp
	
m � Dr2N; ð2:20aÞ

@p	m
@t

¼ vgðCgm � acÞp	m þ cspRsp 	 vg
@p	m
@z

: ð2:20bÞ

where J is the injected current density, d is the thickness of carrier confinement
layer, J=ed is the injection rate of electrons; vg is the group velocity of light; Dr2N
stands for diffusion of carriers, which can be neglected in usual cases. p	m are the
photon densities of the mth longitudinal mode propagating in 	z directions. C ¼R
d Ej j2ds= R1 Ej j2ds ¼ d=dM is called the confinement factor, reflecting the ratio of
gain distribution over intensity distribution, where dM is the effective thickness of
optical mode. Because the active layer d is very thin, the confinement factor is
small, usually only about 5%. Rsp ¼ B½ðN0 þNÞðNh0 þNÞ � N0Nh0� ¼ N=ssp is the
recombination rate of carriers, i.e., the spontaneous emission rate, where B is the
coefficient of recombination between bands, Nh0 and N0 are the equilibrium hole
and electron concentration,ssp is the carrier lifetime, approximately ssp �
½BðNþN0 þNh0Þ��1 . If there exist certain imperfections in the material, the carrier
lifetime is rewritten as s ¼ 1=ðs�1

sp þ s�1
nr Þ with non-radiation recombination rate of

Rnr ¼ N=snr. The ratio of s=ssp ¼ gi is termed the internal quantum efficiency.
The gain coefficient of semiconductor lasers is a function of injected carrier

concentration. The theoretical analysis and experimental studies indicate that the
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gain can be basically described as g ¼ g0 lnðN=NtrÞ [6]. Within a certain range of
carrier concentration variation, it is approximated as g ¼ gNðN � NtrÞ; where Ntr is
the transparent carrier concentration, gN ¼ @g=@N is the differential gain coeffi-
cient. The gain spectrum cannot be expressed by an analytic expression exactly; it is
determined by the complicated band structure. A Lorentzian line shape is usually
used as an approximation

gm ¼ gNðN � NtrÞ
1þðkm � kpÞ2=ðDkÞ2

; ð2:21Þ

where Dk is the spectral width of gain, kp is the peak wavelength of gain spectrum.

ac in (2.20b) is the loss coefficient inside the cavity. csp in the rate equations is
termed the spontaneous emission factor, whose physical meaning is the proportion
of spontaneous emission entering the laser modes. It is proportional to the ratio of
laser mode linewidth to spontaneous emission linewidth and the ratio of their
divergences: csp / ðXlaserDklaserÞ=ðXspDkspÞ [26], where X is the solid angle of
beam divergences. csp is much smaller than unity, typically in the order of
10�3�10�4 for gain-guided lasers and 10�5�10�6 for index-guided lasers. The
spontaneous emission factor in solid-state lasers and gas lasers is even several
orders smaller. Although it is so small, csp plays an important role, affecting some of
the laser behaviors greatly, especially the longitudinal mode behavior, as discussed
later in Sect. 2.5.

2.4.3 Light–Current Characteristics

Let us discuss the light versus current characteristics (L-I) of a signal longitudinal
mode at the continuous wave (cw) operation. The rate equations for the stationary
case are written as

J
ed

� N
s
� vgCgNðN � NtrÞðpþ þ p�Þ ¼ 0; ð2:22aÞ

	vg
@p	

@z
¼ vg½CgNðN � NtrÞ � ac�p	 þ cspN

s
: ð2:22bÞ

The solution should meet the boundary conditions of pþ ð0Þ ¼ R1p�ð0Þ at z ¼ 0
and p�ðLÞ ¼ R2pþ ðLÞ at z ¼ L; where L is the cavity length. Obviously p and
N have nonuniform distributions in z-direction. Since the diffusion of carriers is fast,
the carrier concentration can be regarded a constant. By such an approximation the
rate equations can be solved for a uniform gain coefficient. With gnet ¼ Cg� ac, the
photon densities are obtained
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pþ ¼ cspN

vgspgnet

ð1� R1Þþ ð1� R2ÞR1 expðgnetLÞ
1� R1R2 expð2gnetLÞ expðgnetzÞ; ð2:23aÞ

p� ¼ cspN

vgspgnet

ð1� R2Þþ ð1� R1ÞR2 expðgnetLÞ
1� R1R2 expð2gnetLÞ exp½gnetðL� zÞ�: ð2:23bÞ

The threshold condition is thus deduced as gnet ¼ gth ¼ ð2LÞ�1 lnð1=R1R2Þ from
condition of the denominator towards zero. Here condition of (2.17) is modified
with C factor. Generally the averaged photon density �p is used as a parameter for
characterization, deduced as

�p ¼ 1
L

Z L

0
ðpþ þ p�Þdz ¼ pout

gnetL
; ð2:24Þ

where pout ¼ pþ ðLÞ � p�ðLÞþ p�ð0Þ � pþ ð0Þ is the total output. The ratio of
outputs from two facets is deduced as

pþ
out

p�out
¼ ð1� R2Þ

ffiffiffiffiffi
R1

p
ð1� R1Þ

ffiffiffiffiffi
R2

p : ð2:25Þ

The photon lifetime in cavity is defined as the ratio of photon number inside the
cavity to the loss rate, including the loss inside cavity and the loss of output

sp ¼ L�p
vgðpout þ aL�pÞ ¼

1
vgðaþ gthÞ ð2:26Þ

By using the averaged photon density, the rate equations are simplified as

ginjJ

ed
� N
ssp

� vgCgNðN � NtrÞp ¼ 0; ð2:27aÞ

vgCgNðN � NtrÞp� p
sp

þ cspN

ssp
¼ 0; ð2:27bÞ

where �p is written as p for simplicity; ginj is the pump efficiency, taking the internal
quantum efficiency and lateral spreading of the injection current into account. It is
noticed that at the stationary state the gain plus the contribution of spontaneous
emission is equal to the loss; therefore the gain coefficient is not equal to the
threshold gain, but a little less than the latter.

Assuming ssp is approximated as a constant in a certain range of carrier con-
centration, denoting two auxiliary parameters of NJ ¼ ginjJssp=ed and Ng ¼
1=ðvgCgNspÞ; the rate equations can be solved analytically
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N ¼ 1
2
½ðNJ þNtr þNgÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNJ � Ntr � NgÞ2 þ 4cspNJNg

q
�; ð2:28aÞ

p ¼ sp
2ssp

½ðNJ � Ntr � NgÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNJ � Ntr � NgÞ2 þ 4cspNJNg

q
�: ð2:28aÞ

The L–I characteristics below the threshold, under condition of NJ 
 Ntr þNg,
is obtained as p � ðginjJsp=edÞ½cspNg=ðNtr þNgÞ� and N � ginjJssp=ed: The L-
I above threshold is p � ginjJsp=ed � ðsp=sspÞNth under condition of

ðNJ � Ntr � NgÞ2 � 4cspNJN1. It is worthy of noticing that the injected carrier
concentration is towards a constant N � Ntr þNg ¼ Nth , no longer increasing with
injected current linearly, almost all injected electrons transfer to photons. Such a
case is called carrier concentration pinning. The output power, the threshold current
density and the external differential quantum efficiency are then written as

Pout ¼ gdVJðI � IthÞ; ð2:29Þ

Jth ¼ edðNtr þNgÞ=gissp; ð2:30Þ

gd ¼ gi
am

ac þ am
; ð2:31Þ

where VJ � hm=e is the P-N junction voltage, and am ¼ gth is in meaning of the
output loss from the cavity mirrors. It is indicated that a higher mirror reflectance
will reduce the threshold, but does not benefit the external efficiency. It is therefore
necessary to design the mirror according to the application requirement.

In practice, people pay attention more to the power conversion efficiency

gP ¼ gdVJðI � IthÞ
IVJ þ I2Rs

; ð2:32Þ

where Rs is the series resistance. It is seen that gP varies with the injected current,
going up first and then down. The maximum efficiency is obtained at I ¼
Ithð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þVJ=IthRs

p Þ [27]:

gP;max ¼
gdVJ

ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VJ þ IthRs

p þ ffiffiffiffiffiffiffiffiffi
IthRs

p Þ2 : ð2:33Þ

The L–I characteristics around the threshold is affected greatly by the sponta-
neous emission factor csp. The curvature cLI of L–I there is a function of csp:

cLI / d2p
dI2

/ sp=sspffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cspNgðNtr þNgÞ

q : ð2:34Þ
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As stated above, the gain-guided laser has much higher csp than the index-guided
laser; therefore the L–I curve of the latter shows a sharp turn-on at the threshold,
whereas the gain-guided laser has a soft turn-on L–I curve. Figure 2.14a depicted
schematically L–I curves and the curve of carrier concentration versus current. The
semiconductor laser gives usually a much higher spontaneous emission power
below threshold than gas lasers and solid-state lasers; one of the reasons for the
difference is just its larger spontaneous emission factor.

Figure 2.14b shows also L–I curves of the light emission diode (LED) and
super-luminescence diode (SLD) for comparison. The LED and SLD can be made of
the same materials as LD, and with the structures similar to LD, but no cavity exists
in LED and very low reflective facet is used in SLD. Usually a totally anti-reflective
coating or the active stripe tilted to the cleaved facet is used in LED, so that no lasing
oscillation occurs. For SLD, the spontaneous emission is amplified, giving output
power higher than LED, but still below the threshold due to the weak feedback from
the mirror. The spectral linewidth of LD and SLD is much larger than that of LD,
which benefits suppression of coherent noises in some applications.

The LD active region can be utilized as an amplifier if both of its two facets are
coated by anti-reflective films to eliminate the round-trip oscillations. Such a device
is called the semiconductor optical amplifier (SOA), used often in optical com-
munications, in ring-cavity lasers and other applications.

2.5 Longitudinal Modes and Tunability

2.5.1 Longitudinal Mode Characteristics

The longitudinal modes are determined by (2.18), that is, the cavity length is an
integer multiple of half wavelength. It is necessary to notice that the mode spacing

Fig. 2.14 a L–I and N–I curves with different csp. b L–I curves and line shapes of LD, LED and
SLD
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Dk ¼ k2=ð2ngLÞ is not a constant but dependent on wavelength because of the
index dispersion. The dispersion obeys the universal Kramers—Kronig relations;
for the electric susceptibility it is expressed as [7, 11].

vr xð Þ ¼ 1
p
P

Zþ1

�1

vi x
0ð Þ

x0 � x
dx0; ð2:35aÞ

vi xð Þ ¼ � 1
p
P

Zþ1

�1

vr x0ð Þ
x0 � x

dx0; ð2:35bÞ

where P stands for the Cauchy principal of integral; vr and vi are the real part and
imaginary parts of electric susceptibility. By using the relation to index e=e0 ¼
n2 ¼ n2r � n2i þ j2nrni ¼ vþ 1 the variation of index with gain’s change is
deduced as

DnðkÞ ¼ 1
2p2

P
Z 1

0

Dgðk0Þdk0
1� ðk0=kÞ2; ð2:36Þ

The mode spacing is thus dependent on the gain spectrum; and the mode
wavelength will move with the variation of pump levels. Such a phenomenon is
called the frequency pulling. The effect in semiconductor lasers is much stronger
than that of gas lasers and solid-state lasers because of its higher gain coefficient
and higher dispersion.

It is known that the gain spectrum of a medium is dependent on its linewidth
broadening mechanism. If all active atoms make the same contributions to the
linewidth broadening, the broadening is called homogeneous; oppositely, if atoms
make different contributions, respectively, it is called inhomogeneous. The typical
example of the latter is the Doppler broadening induced by different velocity of
atom’s movement in gas. The related line shape is in Gaussian. Intrinsically, the
excited state of atoms will decay and emit spontaneously with a finite probability,
leading to a homogeneous broadening with a Lorentzian line shape. It is considered
that the broadening in semiconductors is basically homogeneous with a gain
spectrum as described by (2.21).

Because of the large linewidth of gain coefficient, the semiconductor laser works
likely with multiple longitudinal modes, especially for the F-P cavity LD without
measures of mode selection. The intensities of the modes are dependent on the gain
spectrum. Roughly, the mode intensity increases inversely with the difference
between the mode gain and the threshold gain [3]

Im / f f½gth � gðkmÞ��1g; ð2:37Þ
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where f(x) is a certain ascending function. As pump current increases, this differ-
ence of main mode decreases towards zero, the side mode suppression ratio
(SMSR) will increase. Figure 2.15 gives a schematic illustration of the mode
intensity distribution. It is seen that the number of lasing modes depends on the
mode spacing, i.e., the cavity length; and also on the working point. The intensities
of side modes decrease with increasing of the main mode intensity for the homo-
geneous broadening medium; that is so-called mode competition. Therefore the
envelope linewidth of LD decreases with the pump current increasing.

The envelope linewidth is also dependent on the spontaneous emission factor.
A smaller csp means a sharper transition from spontaneous emission to lasing and a
short process from multiple modes to a dominant main mode. It is observed
experimentally that the index-guided laser tends to operate with fewer modes than
the gain-guided laser. It is because the latter has a convex wavefront and thus a
larger K factor as described by (2.14), and a larger spontaneous emission factor
csp / Xlaser=Xsp / K: The different longitudinal mode behaviors are depicted
schematically in Fig. 2.14a.

Practical applications of semiconductor laser put forward different requirements
on its spectral characteristics. For high-speed optical fiber communications, lasers
are required with dynamically single longitudinal mode; whereas its linewidth may
not be very small. Many special semiconductor laser structures have been devel-
oped. The distributed feedback laser (DFB-LD), the distributed Bragg reflector laser
(DBR-LD), and the vertical cavity surface emitting laser (VCSEL) are thought the
best lasers meeting the requirements, and used most widely. Single longitudinal
mode lasers with linewidth narrow enough are demanded in many important and
newly emerging fields. More technologies are developed for linewidth reduction
and frequency stabilization.

2.5.2 Tunability of Semiconductor Lasers

One of the advantages of semiconductor laser is its tunability by changing the
injected current and/or the temperature. In the range of linear approximation, the
variation of lasing wavelength with temperature T and current I is written as

Fig. 2.15 Gain spectrum and
longitudinal mode intensities
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kðT ; IÞ ¼ k0 þ @k
@T

ðT � T0Þþ @k
@I

ðI � I0Þ: ð2:38Þ

The refractive index of semiconductor is a function of temperature, carrier
concentration and wavelength: n ¼ nðT ;N; kÞ: The temperature tuning is attributed
to the temperature coefficient of index and the thermal expansion of cavity length

@k
@T

¼ k
n
@n
@T

þ k
L
@L
@T

: ð2:39Þ

The current tuning is attributed to the carrier coefficient of index and thermal
effect of current

@k
@I

¼ k
n
@n
@N

@N
@I

þ @k
@T

@T
@I

: ð2:40Þ

The temperature tuning involves the thermal characteristics, as discussed in
Sect. 2.7.

2.6 Transient and Modulation Characteristics

2.6.1 Modulation of Output Power

Another important advantage of the semiconductor laser is its capability of direct
modulation by the injected current. For understanding its modulation response and
transient characteristics it is needed to start from Eqs. (2.20), which are rewritten
for a single longitudinal mode as [3–10]:

dN
dt

¼ ginjJ

ed
� N
ssp

� vgCgNðN � NtrÞp; ð2:41aÞ

dp
dt

¼ vgCgNðN � NtrÞp� p
sp

þ cspN

ssp
: ð2:41bÞ

Usually the laser is modulated at a certain bias DC current, where the static
photon density and carrier concentration has relation of
ðvgCgNp0 þ csps

�1
sp ÞN0 ¼ ðs�1

p þ vgCgNNtÞp0, where the subscript 0 stands for the

DC value. csp can be neglected for bias high enough; thus vgCgNðN0 � NtrÞ � s�1
p .

The photon density is then expressed as
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p0 ¼ gspJ0
ed

� Nthsp
ssp

¼ gsp
ed

ðJ0 � JthÞ: ð2:42Þ

Adding a single frequency modulation current on the DC bias, J ¼ J0 þ J1ej2pft ;
under the approximation of small signal, N ¼ N0 þN1ej2pft and p ¼ p0 þ p1ej2pft.
Substituting them into the equations, with the products of small quantities
neglected, the modulated photon density is obtained

p1 ¼ gJ1sp
ed

f 2R
f 2R � f 2 þ jcRf

; ð2:43aÞ

where fR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vgCgNp0=sp

p
=2p, cR ¼ ðvgCgNp0 þ s�1

sp Þ=2p. It is shown that the
modulation response is a complex, with a phase shift existing between the modu-
lated output power and the modulating current. (2.43a) can be rewritten as

p1 ¼ p1j jej/ ¼ f 2Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðf 2 � f 2R Þ2 þ c2Rf 2

q gJ1sp
ed

ej/: ð2:43bÞ

The phase factor is / ¼ tan�1½cRf =ðf 2 � f 2R Þ�: The maximum of modulated
photon density is obtained at resonance

p1j jmax ¼
f 2R

cR
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2R � c2R=4

p ginjsp
ed

J1 � fRginjsp
cRed

J1; ð2:44Þ

with resonance frequency of

fosc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2R � c2R=2

q
: ð2:45Þ

The last approximation of (2.44) is for fR � cR and fosc � fR, which holds
usually. The phase shift at resonance is near p=2 :

/R ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2R � c2R=2

p
cR=2

� tan�1 2fR
cR

� p
2
: ð2:46Þ

In the low frequency range,

p1 � f 2R
f 2R � f 2

ginjspJ1
ed

exp
�jcRf
f 2R

: ð2:47Þ

Figure 2.16 shows a calculated modulation depth of M ¼ @p1=@Jj j=p0.
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The 3 dB bandwidth of response, defined as Mðf3dBÞ ¼ Mð0Þ=2; is a charac-
teristic parameter; It is deduced from (2.43) f3dB � ffiffiffi

3
p

fR. However, people pay
more attention to the bandwidth of detected electrical power PE / i2PD / p21; the
3 dB bandwidth is reduced to [6].

f3dB �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

ffiffiffi
2

pq
fR � 1:55fR: ð2:48Þ

It is concluded from the expression of resonance frequency that to get a higher
modulation frequency it is necessary to shorten the photon lifetime sp, to enhance
the differential gain coefficient gN , and to increase the biased level. A short cavity
length and a lower reflectance of cavity mirror will benefit a short photon lifetime.
However, a higher threshold is the price; a tradeoff should be taken for practical
applications. The effect of biased power is understandable, since higher bias means
higher carrier recombination rate by the stimulated emission, and thus higher
response speed. The response of LED is much lower than LD, because only
spontaneous emission occurs in LED and the response frequency is determined
solely by the carrier lifetime.

The above analysis is only for an LD chip. It is necessary to consider some other
factors for a real packaged LD, especially the electrode wires and the can structure.
Their capacity and inductance will lower the response frequency, with the modu-
lation depth multiplied by ð1þx2C2R2Þ�1, where C and R are the characteristic
capacity and resist of the packaging.

Since the resonance frequency can be written as f 2R ¼ ginjvgCgNðJ �
JthÞ=ð4p2edÞ the modulation current efficiency factor (MCEF) is used to judge and
compare modulation response performances of different lasers, defined as [27].

MCEF ¼ f3dBffiffiffiffiffiffiffiffiffiffiffiffiffi
I � Ith

p / 1:55
2p

ffiffiffiffiffiffiffiffiffiffiffiffi
gvggN
eVM

r
: ð2:49Þ

The second expression shows the relation with the internal parameters of LD
chip with the mode volume of VM ¼ LWdM , where W is the mode width.

Fig. 2.16 Modulation depth
spectra for different bias
levels

32 2 Fundamentals of Semiconductor Lasers



The resonance frequency of LD is usually measured several GHz. Compared with
gas laser and solid-state laser, the capability of direct modulation with high speed
response is one of the important advantages of semiconductor lasers.

The modulation will also change laser’s longitudinal mode behavior. The LD
with good index guiding structure may work in a state of high side mode sup-
pression ratio (SMSR) under DC current pumping; but it will be degraded greatly
under high frequency modulation. Such an effect can be understood based on the
multi-mode rate equations and with the gain spectrum of (2.21). The effect must be
overcome for many applications, especially the high-speed optical communications.
The dynamically single longitudinal mode lasers will be introduced in Chapt. 4.

2.6.2 Relaxation Oscillation

Apart from the single frequency modulation, characteristics of LD under pulse
modulation are of practical significance. It is indicated experimentally and theo-
retically that if a step current is applied on the LD, a short time delay is needed for it
to output stimulated emission, because the carrier concentration cannot reach the
threshold immediately. The delay can be obtained from the rate equations
[1, 2, 4–6]

td � ssp ln
I � Ib
I � Ith

; ð2:50Þ

where I is the amplitude of current step, Ib is the DC bias. When Ib is set equal to, or
higher than, Ith, the delay will be null, that is the case used mostly in modulated
lasers. If a step-like current increment is added to the DC bias with amplitude
I[ Ith, the output will oscillate after td , called the relaxation oscillation, and damp
towards a level corresponding to the case of cw operation. If the carrier concen-
tration change is neglected, the oscillation is described by [6]:

DpðtÞ ¼ Dpð1Þ½1� e�pcRt cosð2pfosctÞ � cR
2fosc

e�pcRt sinð2pfosctÞ�; ð2:51Þ

where the frequency of relaxation oscillation is just the resonant frequency given by
(2.45). Figure 2.17 shows schematically the waveform of relaxation oscillation.

Fig. 2.17 Relaxation
oscillation of LD and gain
switching
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If a pulsed current with pulse width less than the period of relaxation oscillation
is applied, the second period and the following will be cut off; and only the first
period emission outputs as a short pulsed laser beam, as shown in Fig. 2.17 by a
thin dashed line. This method of short optical pulse generation is called the gain
switch, which is based on the capability of direct modulation, the unique feature of
semiconductor lasers. It is expected that the pulse width of the gain switched pulses
can be narrowed by higher injection current due to a higher resonance frequency.
Compared with the other method of short pulse operation, e.g., the mode-locking,
the gain switch method has advantages of simplicity, flexibility, and low cost,
though the pulse width is usually not as short as that by mode-locking. The
mechanism of mode-locking will be explained briefly in Chap. 8.

Even under continuous wave operation, the output of semiconductor laser may
oscillate in some cases. Such a phenomenon is called the self-sustained pulsation
[28]. It is one of the phenomena of laser’s instability.

2.6.3 Wavelength Modulation

The lasing wavelength of LD will be modulated at the same time as the power being
modulated due to its tunability, described by (2.39). For the single frequency
modulation with injected current of I ¼ Ibias þDI sin Xt the modulated wavelength
is written as

k ¼ kþDk sinðXtþ/Þ

Dk ¼ k
n
@n
@N

@N
@I

þ @k
@T

@T
@I

� �
DI:

ð2:52Þ

The frequency modulation response depends on the modulation frequency [29].
In the low frequency band, the thermal effect of injected current is the main
mechanism. The cavity length expands with temperature; and the index increases
also due to the thermo-optic effect. As discussed in Sect. 2.7, the temperature
modulation is with a delay; and the modulation amplitude decreases with the
increasing of modulation frequency. In the high frequency band, the temperature of
the active region can hardly follow the modulation of injected current; the dominant
effect is the variation of index with carrier concentration. Because the index vari-
ations with temperature and with carrier concentration have opposite
effects,@n=@T [ 0; whereas @n=@N\0; the laser’s frequency modulation in low
frequency band is in-phase, dm=dI[ 0; it is out of phase in high frequency band,
dm=dI\0: Their combination will cause the frequency modulation rate towards a
minimum at some frequency in middle. Since the modulation of carrier concen-
tration obeys the rate equation, its response reaches the maximum at the resonance
frequency. Such a behavior is illustrated schematically in Fig. 2.18, where the
ordinate is modulation rate of dm=dIj j:

34 2 Fundamentals of Semiconductor Lasers



It is noticed that the power modulation and the frequency modulation will occur
at the same time in the current modulation. In many applications of
single-frequency lasers, a pure frequency modulation is often needed, where the
power modulation, called the residue amplitude modulation (RAM), should be
avoided. Several methods have been proposed for RAM control and compensation,
which will be introduced later in the following chapters.

2.7 Thermal Performances

Characteristics of LDs have strong temperature dependences, attributed to the
intrinsic temperature sensitivity of semiconductor materials. It is a shortcoming
from view of stability. From a different angle, however, it provides a possibility of
adjusting and controlling the characteristics by the temperature effect.

2.7.1 Dependence of Threshold and Output
Power on Temperature

Semiconductor lasers in the earlier stage could work only at low temperature, such as
77 K of the liquid nitrogen for the threshold increased very fast with temperature. The
main reason of the phenomenon is that the thermally excited carrier concentration
increases with the temperature, and its distribution in the band tends to spread in a
wider range.Ahigher injected current is thus needed to reach the population inversion,
whereas increasing of the current heats the devise stronger, causing a higher tem-
perature. Generally, the dependence can be described by an empirical formula:

IthðTÞ ¼ I0 exp½ðT � T0Þ=T0� / expðT=T0Þ; ð2:53Þ

where T0 is termed the characteristic temperature of threshold–temperature relation,
T is the real temperature of P-N junction. Due to the heating of the device at work, the
junction temperature will be higher than the environmental temperature. Only

Fig. 2.18 Schematic
characteristics of current
tuning of LD
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working under very low duty cycle pulsed current, the junction temperature is
regarded equal to the environmental temperature. However the junction temperature
cannot bemeasured directly by thermometers, the characteristic temperature has to be
measured in operationwith narrowpulse and low repetition rate. TheLDcharacteristic
temperature depends on the laser materials. The typical values are 100 K for con-
ventional double heterostructure lasers, andmore than 200 K for quantumwell lasers.

Temperature rising will also cause increase of intra-cavity loss and non-radiation
recombination, resulting in decrease of differential quantum efficiency ηd. The
temperature dependences of the threshold and efficiency cause decreasing of the
output power with temperature increase. The L–I curve becomes sub-linear instead
of an ideal straight line, since the laser’s temperature increases with the current. In
current modulation operations, the nonlinearity generates higher order harmonic
modulation; when a single frequency modulating current DI sin Xt is applied, the
output power should be expressed as

P ¼ gdðIB � IthÞþ gdDI sinðXtþ/1Þþ g2DI sinð2Xtþ/2Þ: ð2:54Þ

2.7.2 Dependence of Laser Spectrum on Temperature

The dependence of semiconductor laser spectrum on temperature is attributed to
two mechanisms, temperature dependences of band gap and of refraction index.
Generally, the band gap of semiconductor decreases with temperature increasing,
resulting in red shift of gain peak wavelength. For example, it is @Eg=@T �
�5� 10�4eV/K for GaAs [2]. Correspondingly, the temperature coefficient of gain
peak wavelength is about 0.3 nm/K. On the other hand, the index increases with
temperature; and the cavity length will expand with temperature. From km ¼
2nL/m; the longitudinal mode wavelength is an ascend function of temperature:

dk
km

¼ dL
L

þ dn
n

¼ aLdT þ andT ; ð2:55Þ

where aL is the thermal expansion coefficient, and an ¼ n�1@n=@T is the thermal
coefficient of index. It is measured experimentally that @km=@T � 0:06�
0:07 nm=K for GaAs-based laser in 800 nm band, and @km=@T � 0:1 nm=K for In
P-based lasers in 1550 nm band.

Figure 2.19a is a schematic diagram of lasing wavelength versus temperature,
where the dashed line stands for the red shift of gain peak, and the solid lines are for
the different longitudinal modes. The lasing wavelength varies also with the
injected current. Two effects are involved. One is that the difference between
electron’s and hole’s quasi-Fermi levels increases with the injected carrier con-
centration, called the model of band filling. The effect causes the gain peak
blue-shifting with the current. The carrier concentration increasing causes also the
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index change, as mentioned in Sect. 2.5. The second effect is the heating of junction
by the injected current, resulting in red shift of both gain peak and longitudinal
mode. It is shown experimentally and by simulation that the composite effect is
blue-shifting both of the gain peak and the modes in a certain range of current
variation, as shown in Fig. 2.19b schematically [30].

2.7.3 Junction Temperature and Thermal Resistant

When a semiconductor laser is working, it will be heated by the input electric power.
Basically, two factors generate the heating.One is by the series resistanceRs composed
of semiconductor material resistance and resistance of Schottkey barriers at the
metal-semiconductor contacts of electrodes. The other is the incomplete electro-optic
conversion at the junction, for example, by recombination through non-radiation
centers and carrier leakage over the junction. The voltage applied on the laser is
expressed as V ¼ VJ þ IRs; the input electric power is IV : The heat generated in unit
time is thus written as Q ¼ IV � Pout ¼ ð1� gPÞIV ; where Pout is the output optical
power and gP is the power conversion efficiency. The relation of temperature rising
DTJ and generated heat is characterized by the thermal resistance, defined as

RH ¼ DTJ=DQ: ð2:56Þ

The temperature rising DTJ can be measured from the variation of lasing
wavelength, as stated above; then the thermal resistance is calculated.

When a pulsed current is injected in an LD, its temperature cannot change
immediately, but with a certain delay, the same as the common thermal phe-
nomenon. The temporal variation of the junction temperature can be described by
the following equation [31]:

dT
dt

¼ QðtÞ
C

� T � T0
sH

; ð2:57Þ

Fig. 2.19 Variations of lasing wavelength with temperature (a) and with driving current (b)
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where C is the heat capacity of the laser, determined by the specific heat of materials
and the sizes of laser structure; sH is called thermal relaxation time. From (2.56) and the
stationary solution of (2.57), sH ¼ RHC is deduced. When the laser is working at a
square wave pulsed current with pulse width of u, the solution of (2.57) is obtained as

T � T0 ¼ RHQð1� e�t=sH Þ ð0\t\uÞ
RHQð1� e�u=sÞe�ðt�uÞ=sH ðt� uÞ

�
ð2:58Þ

Figure 2.20 shows schematically the variation of LD junction temperature under
a square wave pulsed current.

When the LD works under a sinusoidal current with modulation frequency of X;
the generated heat is DQ / DI sin Xt; the temperature variation is expressed as

TðtÞ ¼ T þDT sinðXtþuÞ; ð2:59Þ

where DT ¼ RHDQð1þX2s2HÞ�1=2, u ¼ tan�1ðXsHÞ; T is the average tempera-
ture. It is seen that the temperature modulation depth is a function of the modulation
frequency and the thermal relaxation time; the modulation depth decreases with the
frequency increasing.

In order to mitigate the thermal effects, good heatsink and/or cooling is needed,
especially for applications requiring high stability and for high power semicon-
ductor lasers. Special technologies have been developed for the purpose, such as
optimized design of heatsink, Peltier thermo-electrical cooler, water flow cooling,
or cooling by phase transition, micro-channel heatsink, etc. Figure 2.21 depicts a
typical LD module with TE cooler, thermometer, PD monitor and fiber pigtail for
output.

Fig. 2.20 Variation of junction temperature under a square waveform current

Fig. 2.21 Schematic structure of a LD module with TE cooler and fiber-pigtail output
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Chapter 3
Noises and Stability of Semiconductor
Lasers

3.1 Characteristics and Inherent Relations of Laser Noises

The linewidth, noises, and stability of a laser are important characteristics for its
research and development, and for its practical applications. Their characterization
and measurement attract attentions of scientists and engineers in the field. Detailed
physical mechanisms and systematic theories on laser noises can be found in
monographs [1–5] and references [6–12]. Basically two kinds of mechanisms are
involved in laser noises: one is related to the physical processes inside the laser
cavity, and the other is induced by external disturbances. According to the basic
principles, the laser emission is the amplified spontaneous emission. The sponta-
neous emission occurs randomly both temporarily and spatially in laser cavity.
When the amplified light emits from the mirror, random variations of phases and
amplitudes are inevitable. The amplitude and phase of optic field, the electric
polarization of the matter, and the inverse population are linked with each other;
their fluctuations are also coupled with each other. The parameters of laser struc-
ture, e.g., the cavity length and the index of material, will be affected by external
disturbances, including temperature fluctuations, mechanical vibrations and
acoustic waves, and so on. Besides, the pump’s fluctuations, i.e., the injected
current noise for LD, will directly cause the laser noises.

3.1.1 Mathematical Description of Stochastic Variables

Laser noises include random fluctuations of intensity, phase, and frequency. These
noises are regarded as stochastic variables; specifically, as wide-sense stationary
stochastic processes for lasers working in continuous wave. Two parameters
are generally used to characterize basic properties of a stochastic variable xðtÞ:
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its expectation is denoted by E½xðtÞ� or hxðtÞi, and its autocorrelation
Rx ¼ E½xðtÞx�ðt � sÞ�, is expressed as:

hxðtÞi ¼ lim
T!1

1
T

ZT=2
�T=2

xðtÞdt; ð3:1Þ

RxðsÞ ¼ lim
T!1

1
T

ZT=2
�T=2

xðtÞx�ðt � sÞdt: ð3:2Þ

The autocorrelation is just the covariance of random process xðtÞ. The temporal
average can also be regarded as an ensemble average. In practice, the range of
integration cannot be infinitive, but with period T large enough to give a significant
value.

The randomness of a stochastic variable is characterized by the power spectral
density (PSD), which is the power distribution over different frequency compo-
nents. PSD is obtained as the Fourier transform of autocorrelation function, i.e.,
Wiener–Khinchin theorem:

Sxðf Þ ¼
Z1
�1

RxðsÞej2pf sds ¼ lim
T!1

1
T

ZT=2
�T=2

xðtÞej2pftdt

�������
�������
2

: ð3:3Þ

The last expression is deduced from the autocorrelation property of Fourier trans-
form in its truncated form.

The above formulas are now used to analyze the laser noise. The laser field can
generally be written as a sum of its average and the fluctuations in time domain:

EðtÞ ¼ ½Aþ aðtÞ�e�j½x0tþ/ðtÞ�; ð3:4Þ

where aðtÞ and /ðtÞ are the fluctuations of field amplitude and phase, x0 ¼
mpc=ðnLÞ is the frequency of m-th longitudinal mode. A single longitudinal mode
is considered hereinbelow. The phase fluctuation means the optical frequency noise:
DmðtÞ ¼ ð2pÞ�1d/ðtÞ=dt. The distribution of optical frequency around the center
frequency forms the spectral shape of laser line characterized mainly by its line-
width, usually measured in full width at half maximum (FWHM).

The effect of laser noises is eventually demonstrated in its intensities, such as the
interference intensity of optical waves, which gives the autocorrelation of optical
field, written as:
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REðsÞ ¼ lim
T!1

1
T

ZT=2
�T=2

EðtÞE�ðt � sÞdt

¼ ½A2hejD/ðt;sÞi þ haðtÞaðt � sÞejD/ðt;sÞi þAh½aðtÞþ aðt � sÞ�ejD/ðt;sÞi�ejx0s;

ð3:5Þ

where D/ðt; sÞ ¼ /ðtÞ � /ðt � sÞ. It is shown that the phase noise and the
amplitude noise are coupled with each other in calculating their autocorrelation.
Under certain conditions, such a coupling may be resolved. When the amplitude
noise is much lower than the phase noise, REðsÞ / hejD/ðt;sÞi; contrarily,
REðsÞ � haðtÞaðt � sÞi. The PSD of phase noise, amplitude noise, and their coupled
noise, S/, Sa, and Sa/, can be obtained from the autocorrelation of optical field,
respectively, by using certain decoupling methods.

3.1.2 Phase Noise and Frequency Noise

The randomness of optical phase obeys normal distribution with zero mean. Its
probability density function (PDF) is a Gaussian written as
PðD/Þ ¼ ðr ffiffiffiffiffiffi

2p
p Þ�1 exp½�ðD/Þ2=2r2�. It is then deduced that

h expðjD/Þi ¼ expð�r2/=2Þ, where r2/ ¼ hD/2i is the variance of phase noise.
According to Wiener–Khinchin theorem, the PSD of phase noise is expressed as:

S/ðf Þ ¼
Z1
�1

e�j2pf sh/ðtÞ/ðt � sÞids: ð3:6Þ

The symbol f here and hereinbelow is the frequency in Fourier transform, i.e.,
the frequency deviation from the center optical frequency, not the laser frequency
itself.

Fluctuation of optical phase is too fast to be measured directly and solitarily. It is
analyzed actually by the measured optical frequency spectrum. The PSD of fre-
quency noise Dm is defined as the spectrum of frequency fluctuation covariance. An
intrinsic relation exists between the frequency noise and the phase noise [8, 10]:

Smðf Þ ¼
Z1
�1

ej2pf shDmðtÞDmðt � sÞies ¼ f 2S/ðf Þ: ð3:7Þ
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According to the basic property, Fourier transform of D/ðt; sÞ ¼ /ðtÞ � /ðt � sÞ
is reduced to

bF[D/ðt; sÞ� ¼ fD/ðf ; sÞ ¼ ð1� e�j2pf sÞbF[/ðtÞ� ¼ ð1� e�j2pf sÞ~/ðf Þ: ð3:8Þ

where “*” on the top of variables is to denote their Fourier transforms. The inverse

transform is D/ðt; sÞ ¼ R1
�1

e/ðf Þð1� e�j2pf sÞej2pftdf . Referring
dðf � f 0Þ ¼ R1

�1 exp½j2pðf � f 0Þt�dt, the variance of phase noise is then deduced as
[10, 11]:

r2/ðsÞ ¼ h D/ðt; sÞj j2i ¼ 2
Z1
�1

e/��� ���2ð1� cos 2pf sÞdf

¼ 4
Z1
0

S/ðf Þ sin2ðpf sÞdf ¼ 4
Z1
0

Smðf Þ sin
2ðpf sÞ
f 2

df :

ð3:9Þ

The spectral line shape is just the power spectral density of optical field. In case
the intensity noise can be neglected, REðsÞ ¼ A2e�jx0s exp½�r2/ðsÞ=2�; PSD of
optical field is written as

SEðf Þ ¼ A�2
Z1
�1

REðsÞe�j2pf sds

¼
Z1
�1

e�j2pf s exp½�2
Z1
0

Smðf Þf�2 sin2ðpf sÞdf �ds;
ð3:10Þ

where PSD of optical field is normalized to the averaged intensity. This is the basic
relation between the frequency noise spectrum and the laser line shape. It is indi-
cated that the line shape and linewidth is dependent on the frequency noise
spectrum.

The laser frequency noise has different characteristics, depending on its origins.
One of the basic types is the white noise, induced by spontaneous emission, which
obeys the normal probability distribution with a constant PSD, independent of
frequency, Smðf Þ ¼ h. Assuming such a property covers the whole frequency band,
the integral in the exponential term of (3.9) gives an analytic expression:

2
Z1
0

Smðf Þf�2 sin2ðpf sÞdf ¼ 2h
Z1
0

f�2 sin2ðpf sÞdf ¼ p2h sj j: ð3:11Þ

As the result, a normalized Lorentzian line shape is obtained from (3.10):
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SEðf Þ ¼ h=2

f 2 þðph=2Þ2 : ð3:12Þ

Its FWHM linewidth is DfL ¼ ph. Usually, the frequency noise has 1/f charac-
teristics in low frequency band, similar to the noises of electrical and mechanical
systems, as analyzed in Refs. [10, 11]. As discussed in Sect. 3.3 below, the variance
of phase fluctuation will be proportional to a power function of s, sa. For a typical
example, r2/ðsÞ ¼ q1s2, thus the normalized PSD of optical field will appear in
Gaussian line shape:

SEðf Þ � 2
ffiffiffiffiffiffiffiffiffiffi
p=q1

p
expð�2pf 2=q1Þ: ð3:13Þ

Its linewidth is DfG ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q1 ln 2=2p

p
. In practical lasers, the power index a may

take different figures, the line will then take some shape between Lorentzian and
Gaussian, or their convolution, termed Voigt function. The line shape and linewidth
should be measured experimentally.

3.1.3 Intensity Noise

The intensity noise is usually measured by the relative intensity noise (RIN),
defined as:

RIN ¼ hðP� PÞ2i=P2
: ð3:14Þ

where P is the averaged optical power; hðP� PÞ2i is the power variance, which is
proportional to the noise of electric power detected by photodetector. If the
amplitude noise and the phase noise are independent of each other, the field au-
tocorrelation will be REðsÞ / haðtÞaðt � sÞi � hejD/ðt;sÞi. When the frequency noise
is much lower than RIN, or the power is detected by a wide band detector,
insensitive to the frequency noise, PSD of RIN is deduced as:

SRINðf Þ ¼ 4Saðf Þ=P

Saðf Þ ¼
Z1
�1

haðtÞaðt � sÞie�j2pf sds:
ð3:15Þ

It is noted that an inherent relation exists between the intensity noise and the
phase noise based on the uncertainty principle of quantum mechanics [3]. It is
impossible for a laser to have only intensity noise without phase noise, or vice

versa. The uncertainty of photon number DN ¼ hDN2i1=2 and the uncertainty of

field phasor D/ ¼ hD/2i1=2 must meet the requirement of
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2DN � D/� 1: ð3:16Þ

In most situations of practical lasers, however, the noises are usually much
higher than the quantum noise limit.

3.2 Linewidth and Line Shape of Semiconductor Lasers

As stated above, the intrinsic linewidth of a laser originates from the random phase
noise of the spontaneous emission. According to the Schawlow–Townes theory
[13], the laser’s intrinsic linewidth is expressed as

dm ¼ 4phmðdmcÞ2=P; ð3:17Þ

where hm is the photon energy; dmc is the linewidth of passive cavity, which is
inversely proportional to the photon’s lifetime; P is laser’s output power. It is
understandable that the higher the output power, the lower the proportion of random
spontaneous emission; and the longer the photon’s lifetime, the higher is the
amplification of stimulated emission. The linewidth of semiconductor laser obeys
the same principle, but with its special features different from other lasers.

3.2.1 Linewidth of Semiconductor Lasers

The linewidth of semiconductor lasers is much wider than that of gas laser and solid
state laser. Reference [14] analyzed the broadening mechanism and explained the
difference. The related theory is restated briefly here. The random fluctuation of
phase in semiconductor lasers is attributed to the spontaneous emission generated
by carrier recombination. The process is illustrated as a change of phase vector in
the complex plane of Fig. 3.1 with the imaginary and real parts of field as the

Fig. 3.1 Variation of field
amplitude and phase induced
by carrier recombination
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ordinate and abscissa, where EðtÞe�jx0t ¼ ffiffiffiffiffiffiffi
IðtÞp

e�j½x0tþ/ðtÞ� is the laser field, I ¼
Ej j2 is the photon’s number in cavity, and the change of vector is induced by a
spontaneous emission with phase of h.

In order to deduce the rate equation of complex field in a gain medium, it is
necessary to consider the complex index: e=e0 ¼ n2 ¼ ðn0 þDnr þ jDniÞ2, where
Dni ¼ �gnet=2k0 with net gain of gnet ¼ g� ac. It is rewritten as
e=e0 � n20 þ j2n0Dnið1þ jaÞ, where a is termed the linewidth enhancement factor,
expressed as [14, 15]:

a ¼ Dnr
Dni

¼ @nr=@N
@ni=@N

: ð3:18Þ

Since the gain in semiconductor laser comes from injected carrier, the second
expression is written as the partial derivatives of index with respect to carrier
concentration N. Thus the rate equations of laser field is deduced as

@EðtÞ
@t

¼ 1
2
vggnetð1þ jaÞEðtÞ; ð3:19Þ

@/
@t

¼ a
2
vggnet ¼ a

2I
@I
@t

: ð3:20Þ

where vg is the group velocity in the medium. The phase of spontaneous emission is
randomly distributed in range of [0, 2p], as shown in Fig. 3.1 by h. The contri-
bution of a spontaneous emission to the optical intensity is DI ¼ 1þ 2

ffiffi
I

p
cos h,

and the phase change of laser is D/1 � sin h=
ffiffi
I

p
. From (3.20), the intensity

increment causes also the phase change. The sum of two factors is

D/i ¼ ðsin hi � a cos hiÞ=
ffiffi
I

p
� a=2I � ðsin hi � a cos hiÞ=

ffiffi
I

p
: ð3:21Þ

It is estimated that the output of 1 mW at 1550 nm corresponds to a photon flow
with 1016 per second. Therefore, the inequality I � ffiffi

I
p

holds, giving the approx-
imation of last expression of (3.21). For large number of spontaneous emissions,
averaging gives h sin hii ¼ h cos hii ¼ 0 and h sin2 hii ¼ h cos2 hii ¼ 1=2. The
variance of laser phase is thus deduced as

hðD/Þ2i ¼ 1
I

XM
i;j

ðsin hi � a cos hiÞðsin hj � a cos hjÞ
* +

� 1
I

XM
i

ðsin2 hi þ a2 cos2 hiÞ
* +

¼ 1
2I

ð1þ a2ÞcspRsps;

ð3:22Þ

where Rsp is the rate of spontaneous emission; csp is the spontaneous emission
factor, as introduced in Sect. 2.4; M ¼ cspRsps is the number of spontaneous
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emission in duration s. The probability distribution of phase fluctuation caused by
spontaneous emission is in Gaussian type, showing a white frequency noise; its
variance is expressed as [14]:

hexp jD/ðt; sÞi ¼ exp
�hD/2ðt; sÞi

2
¼ exp

�s
sc

; ð3:23Þ

where sc¼ 1=ð2pdmÞ is the coherence time. By referring the relation between
photon number and output power, P ¼ hmvgamI=2 with cavity mirror loss of
am ¼ L�1 lnð1=RÞ, and the relation between spontaneous emission rate and gain
coefficient, i.e., formula (2.8), the FWHM linewidth is reduced to [14]:

dm ¼ v2ghmcspgam
8pP

ð1þ a2Þ ¼ dmSTð1þ a2Þ ð3:24Þ

where dmST is the linewidth given by Schawlow–Townes theory, i.e., the linewidth
without linewidth enhancement factor. According to (3.12), the laser line has
Lorenzian shape:

SEðmÞ ¼ 2sc
1þ ½pðm� m0Þsc�2

ð3:25Þ

The linewidth enhancement factor of semiconductor laser is quite large. It is
measured that a of F–P cavity LD is basically in the range of 5–7, and 1þ a2

reaches 30–50. For gas lasers and solid state lasers, such a factor is negligible small,
because the index of gas and solid state medium is hardly changed by the popu-
lation variation, whereas the index of semiconductor varies with injected carrier
concentration directly and greatly.

It should be noticed that the value of a is not a constant, but varies with
wavelength and pump current level [16]. As the pump level increases, the gain peak
moves toward shorter wavelength, as shown in Fig. 2.2. It is seen that the value of
@ni=@Nj j at short wavelength side is much larger than that at longer wavelength
side; therefore, a takes a much smaller value at the short wavelength side of gain
spectrum.

The spontaneous emission factor csp of LD is much larger than that of other
lasers. It is another factor causing a much wider linewidth. csp is dependent on the
laser structure in a certain degree, as discussed in Chap. 2. The line of index-guided
laser is narrower than that of gain-guided laser under the same total output power,
because the former has fewer modes and higher mode power than that of the latter,
resulting in smaller linewidth of the former, according to Schawlow–Townes for-
mula. The linewidth can be greatly reduced by special laser structures and measures
of frequency stabilization as discussed in Chaps. 4 and 5.
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3.2.2 Effect of Photon-Carrier Coupling on Line Shape
and Noise

The noises coming from different origins are coupled with each other through the
rate equations. Such a coupling is much stronger in semiconductor laser than other
lasers due to its particular pumping mechanism, the direct electric current injection.
The transient and modulation characteristics are analyzed in Sect. 2.6 by the rate
equations. The noises of related valuables are perturbations of the equation [4, 17,
18]. However, the equation of photon density has to be decomposed into two for
amplitude a and phase /, respectively. The laser is assumed working at a stationary
point with a constant DC bias current. As small quantities, the spontaneous emis-
sion factor and other multiplied perturbations can be neglected in the small signal
analysis. The rate equations of perturbations are thus obtained [4]:

@N
@t ¼ � 1

ssp
þ vggNA2

� �
DN � 2

sp
AaþFNðtÞ ð3:26aÞ

@a
@t ¼ 1

2 vggNADNþFaðtÞ ð3:26bÞ
@/
@t ¼ dx ¼ a

2 vggNDNþF/ðtÞ: ð3:26cÞ

where FN;a;/ are the Langevin forces, describing the origins of related noises. The
noise spectra can be deduced by Fourier transform of the equations. If the injection
current noise dI is taken into consideration, FN ¼ dI=ed, while Fa and F/ are
omitted, the Fourier frequency spectra of carrier concentration, field amplitude, and
optical frequency are deduced as:

eNðf Þ ¼ jfFN

f 2R � f 2 � jcR f
; ð3:27aÞ

~aðf Þ ¼ vggNA
2

FN

f 2R � f 2 � jcR f
; ð3:27bÞ

~mðf Þ ¼ avggN
4p

FN

f 2R � f 2 � jcR f
: ð3:27cÞ

where fR and cR are the resonant frequency and the damp factor, as introduced in
Sect. 2.6.

If the injection current noise is suppressed, the amplitude noise and phase noise
induced by spontaneous emission are inevitable. From expression (3.22), we have
Fa /

P
i cos hidðt � tiÞ and F/ / A�1 P

i sin hidðt � tiÞ, where dðt � tiÞ stands for
the moment when a single spontaneous emission occurs. The randomness of hi
gives relation of F/

�� �� ¼ Faj j=A. PSD of intensity noise and frequency noise are
obtained from rate Eq. (3.26), expressed by the square of Fourier transforms [4]:
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Saðf Þ ¼ ~aðf Þj j2¼ Faj j2 f 2 þ c2

ðf 2R � f 2Þ2 þðcf Þ2 ; ð3:28aÞ

Smðf Þ ¼ ~mðf Þj j2¼ dmST
p

1þ a2f 4R
ðf 2R � f 2Þ2 þðcf Þ2

" #
: ð3:28bÞ

Formulas (3.26–3.28b) describe the effect of coupling between photons and
electrons on intensity noise spectrum and line shape, showing behaviors similar to
relaxation oscillation. Figure 3.2 gives line shapes of semiconductor lasers at dif-
ferent output powers [17, 18].

3.2.3 Measurement of Linewidth

The first step of laser spectrum measurement is to find out its longitudinal mode
characteristics, whether single mode or multimode, how many mode numbers, what
about its envelop profile and side mode suppression ratio, and so on. The com-
monly used optical spectrum analyzer is usually based on an optical grating with
wavelength resolution in the range of 0.1–0.01 nm, corresponding to frequency
resolution of around 10–1 GHz in the near infrared band. The linewidth larger than
such a resolution can be obtained. For narrower linewidths and smaller longitudinal
mode spacing, the Fabry–Perot etalon and the scanned F–P analyzer are often used.
The F–P characteristics are explained in details in many textbooks, e.g., Ref. [19],
and will be restated in Sect. 5.4.

Fig. 3.2 Schematic line
profiles of semiconductor
laser, P1, P2: output powers
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For single-frequency lasers with higher coherences, e.g., dm	 100 kHz, the
required resolution exceeds the performance of conventional optical spectrum
analyzer. In such cases, the heterodyne method is often used, that is, to get inter-
ference of the laser under test and another reference laser with much narrower
linewidth, and the linewidth can be obtained from the beat spectrum given by an
electrical frequency analyzer [20], as illustrated in Fig. 3.3, where a 2 
 2 fiber
coupler is used with field split ratio of

A
B

� �
¼

ffiffiffi
j

p
j

ffiffiffiffiffiffiffiffiffiffiffi
1� j

p
j

ffiffiffiffiffiffiffiffiffiffiffi
1� j

p ffiffiffi
j

p
� �

A0

B0

� �
: ð3:29Þ

Two optical isolators are inserted in the output paths of the two lasers to avoid
influences of returned waves. If the phase noise of narrow line reference laser can
be neglected, its field is written as Eref ¼ E0ejx0t, and the field of LD under test is
ELD ¼ E1e�j½x1tþ/ðtÞ�, the interference signal detected by PD is expressed as

ILDðtÞ / E2
0 þE2

1 þ 2E0E1 cos½ðx1 � x0Þtþ/ðtÞ�; ð3:30Þ

where the split ratio of fiber coupler is supposed to be 50:50, and the polarizations
of two sources have been adjusted parallel. The variance of phase noise r2/ ¼
h/2ðtÞi and the line shape can then be obtained by the electrical spectrum analyzer
and data processor. Advanced analyzers based on the method are available com-
mercially with resolution of 1 pm (*0.1 GHz) or better, as introduced in Sect. 7.1.

If the laser with linewidth much narrower than that of LD under test is not
available, self-heterodyne and self-homodyne delayed autocorrelations can be used;
that is, to get the interference of laser wave with itself delayed long enough; the
linewidth can then be calculated from the autocorrelation spectrum [7, 21, 22]. The
basic configuration of self-heterodyne and self-homodyne is a fiber Mach–Zehnder
interferometer (MZI) or a fiber Michelson interferometer (MI) with path difference
of the two arms large enough, as shown in Fig. 3.4a, b. In the setup, an
acousto-optic modulator (AOM), modulated by a certain RF frequency, is inserted
in one of the arms for the heterodyne interferometers, as shown in the figures by
dotted frames. When it is removed, the system gives homodyne measurement. The
signal of self-heterodyne is biased at the AOM modulation frequency, beneficial for

Fig. 3.3 Heterodyne with a narrow line reference laser
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mitigating low frequency disturbances and DC drift, which exist often in homodyne
interferometers.

The quantitative relation between the beat signal and the laser’s line shape is
derived as follows, with the MZI scheme taken as an example. With the laser field
denoted as EðtÞ ¼ E0e�j½x0tþ/ðtÞ�, the combined field of two returned waves from
the MZI is written as

ETðtÞ ¼ jE0e�j½ðx0 þxmÞtþ/ðtÞ� þ ð1� jÞE0e�aFDL=2e�j½x0ðt�sdÞþ/ðt�sdÞ�

¼ jE0e�j½ðx0 þxmÞtþ/ðtÞ�½1þ bejD/ðt;sdÞejðxsd þxmtÞ�;
ð3:31Þ

where b ¼ ½ð1� jÞ=j� expð�aFz=2Þ with fiber loss coefficient of aF, xm is the
frequency shift of AOM; sd ¼ nDL=c is the delay with fiber length difference of DL
between the two arms. The interference signal can also be obtained from the coupler
port other than that depicted in the figure, giving the same characteristics.

The beat signal is detected by the photodiode (PD) and analyzed by the spectrum
analyzer (SA). The spectrum given by SA is proportional to the autocorrelation of
optical intensity:

RIðsÞ ¼ hETðtÞE�
TðtÞETðt � sÞE�

Tðt � sÞi
¼ j4E4

0hf1þ b2 þ b½ejD/ðt;sdÞejðxsd þxmtÞ þ c:c:�g
� f1þ b2 þ b½ejD/ðt�s;sdÞej½xsd þxmðt�sÞ þ c:c:�gi:

ð3:32Þ

For simplicity, the autocorrelation for homodyne with xm ¼ 0 is given as [21,
22]

RIðsÞ ¼ j4E4
0½ð1þ b2Þ2 þ 4bð1þ b2Þe�U cosxsd þ 2b2ðe�V þ e�W cos 2xsdÞ�;

where

U ¼ h½/ðtÞ � /ðt � sdÞ�2i=2
V ¼ h½/ðtÞ � /ðt � sdÞ � /ðt � sÞþ/ðt � s� sdÞ�2i=2
W ¼ h½/ðtÞ � /ðt � sdÞþ/ðt � sÞ � /ðt � s� sdÞ�2i=2

: ð3:33Þ

Fig. 3.4 Delayed autocorrelation interferometer, a MZI; b MI
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The time averages of D/ with different delays in (3.33) can be reduced by using

Fourier transform relation of fD/ðf ; sÞ ¼ e/ðf Þð1� e�j2pf sÞ, resulting in

U ¼ 2
R1
0
Smðf Þ sin2ðpf sdÞf�2df

V ¼ 8
R1
0
Smðf Þ sin2ðpf sdÞ sin2ðpf sÞf�2df

W ¼ 8
R1
0
Smðf Þ sin2ðpf sdÞ cos2ðpf sÞf�2df :

ð3:34Þ

For white noise, the three expressions are reduced to

U ¼ sd=2sc
V ¼ ð2sd þ 2 sj j � sd � sj j � sd þ sj jÞ=2sc
W ¼ ð2sd � 2 sj j þ sd � sj j þ sd þ sj jÞ=2sc:

ð3:35Þ

Substituting (3.35)–(3.9) for the PSD of optical field, taking frequency shift of
heterodyne into account, the normalized spectrum for white noise is deduced as
[21]:

Sðf Þ ¼ e�sd=scdðf � fmÞþ sc=2

1þ 4p2ðf � fmÞ2s2c
� 1� cos 2pðf � fmÞsd þ sin 2pðf � fmÞsd

2pðf � fmÞsc

� 	
e�sd=sc


 �
;

ð3:36Þ

where b ¼ 1 is assumed for simplicity. The term with cos2xsd in (3.33) gives
smaller contributions to the PSD, being omitted in the formula. With fm ¼ 0, (3.36)
gives the self-homodyne measured spectrum. The term in the square brackets
multiplied by the visibility, expð�sd=scÞ, in (3.36) is the results of interference,
which will vanish when the delay line is much longer than the laser’s coherence
length with sd � sc. The resultant autocorrelation spectrum is thus with a
Lorenzian shape. The FWHM linewidth of autocorrelation dm ¼ 1=ð2pscÞ can then
be obtained from the spectrum from SA; which is twice the laser’s Lorentzian
linewidth. Figure 3.5 shows a calculated self-homodyne spectrum as an example
for illustration.

If the frequency noise is not an exact white noise, especially when the frequency
noise in low frequency band is taken into account, analytic expressions of U, V,
W in (3.35) may not be obtained. Digital calculations are then needed. If laser’s line
shape is in Gaussian, its autocorrelation will show Gaussian type also.

In order to measure the linewidth precisely several technical issues in the
measurement have to be considered. For high coherence lasers, the fiber length used
in the interferometer is so long that the returned wave would be very weak due to
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fiber loss. Apart from the ordinary loss, the stimulated Brillouin scattering will
induce an additional loss for narrow line optical wave. In practice, an interferometer
with OPD less than coherence length may be used, then the linewidth has to be
calculated by fitting the measured data with formula (3.36) [21, 22]. A method of
recirculating delayed self-heterodyne was proposed to enhance the measurement
accuracy [23]. An extremely narrow linewidth may be obtained by digital calcu-
lations from the frequency noise spectrum, as introduced in the next subsection.

It is also needed to adjust the effective split ratio b to be near unity to get higher
extinction interference signal. The stability of MZI or MI is another factor, which
may induce errors to the measurement. Environmentally induced mechanical
vibrations and temperature fluctuations should be reduced, especially for the long
fiber. The polarization fading induced by polarization evolution in fiber has to be
avoided, for example, by using Faraday rotation mirrors (FRM) in MI configuration
as depicted in Fig. 3.4b. The action of FRM is to rotate the polarization of reflected
beam 90° to the incident beam polarization, so that the effect of birefringence
induced externally can be canceled out. For MZI system, a polarization controller
may be inserted in one of its arms. The reliability of measured linewidth is
dependent on the precision of electrical frequency spectrum analyzer (SA),
including its frequency resolution and amplitude resolution. When the beat signal is
very weak with low SNR, the 3 dB down frequency may not be read precisely. In
such a case, the FWHM spectral width may be calculated by reading the fre-
quencies at a lower level, e.g., 20 dB below, and by fitting the Lorenzian function.

3.3 Noises of Semiconductor Laser

The intrinsic linewidth discussed above is a reflection of frequency noise induced
by the random spontaneous emission. The laser noises are generated also by
external disturbances, such as temperature fluctuations, mechanical vibrations (in-
cluding acoustic waves), and pump current noise. The external electromagnetic

Fig. 3.5 Simulated curves of delayed homodyne signals
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interferences (EMI), the external feedback of laser’s output via cavity mirrors, and
even the artificial factors are also noise origins. The different noises are coupled
with each other by the rate equations. Some kinds of the externally induced noises
may be traceable; some others may come from factors people have not yet
understood and cannot be controlled.

The noise induced by the spontaneous emission is a white noise in a broad
frequency band; its upper limit is beyond the reciprocal of photon lifetime in cavity.
Contrarily, the noise induced by external disturbances is in low frequency bands.
Similar to the noises of electrical and mechanical devices, the laser noises in low
frequency bands have characteristics of 1/f, i.e., the power spectral density (PSD) is
proportional to f a. The noise behaviors in low frequency bands are described by
some models, such as random walking (similar to Brownian motion) and flicker.
Index a will take different values: a � �1 for flicker noises; a � �2 for random
walking noises; generally a may take a figure in a wider range [24].

3.3.1 Characteristics of Frequency Noise in Low
Frequency Band

The external disturbances and pump current variation cause directly fluctuations of
the mode frequency x0 ¼ mpc=ðnLÞ, because both of the cavity length and the
refractive index are functions of temperature and strains, and the index varies also
with injected carrier concentration. It is known that the laser oscillation can be set
up in a very short period corresponding to several round-trips of light propagation
in the cavity, which is less than about 0.1 ns for semiconductor lasers. The noises
caused by external disturbances are in a relatively low frequency band; such noises
can be regarded as drifting of narrow linewidth laser oscillation in space of ImðEÞ
versus ReðEÞ, as shown in Fig. 3.6a. The scope of such drifting is much larger than
randomness of spontaneous emission. Therefore, the line shape measured in a

Fig. 3.6 a Random drifts of field amplitude and frequency; b Synthesized line of drifted
frequency
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certain period is actually a synthesis of drifted narrow linewidth laser wave, as
shown in Fig. 3.6b [20, 25]. With the 1=f frequency noise taken into consideration,
the frequency noise spectrum in the whole range of frequency band is no longer a
white noise, but a sum of several terms, expressed as [10–12]:

Smðf Þ ¼ h0 þ hRðf Þþ haf
a; ð3:37Þ

where h0 is the white noise, hR stands for the contribution of relaxation oscillation.
Figure 3.7 shows the frequency noise PSD schematically.

According to the central limitation theorem, when a great number of laser fre-
quency fluctuations exist, the probability of randomness obeys the normal distri-
bution; thus a Gaussian type line profile results, as demonstrated experimentally.
For the theoretical analysis of 1=f noise, the variance of phase fluctuation is written
as

r2/ðsÞ ¼ 4ha
R1
0
f a�2 sin2ðpf sÞdf ¼ qðaÞs1�a

qðaÞ ¼ 4hap1�a
R1
0
xa�2 sin2 xdx;

ð3:38Þ

For a ¼ �1, r2/ ¼ q1s2, a Gaussian line shape is then given by integral (3.10)
and written as (3.13). In case a\� 1 and is not a negative integer, coefficient qðaÞ
can be expressed with Gamma function of CðxÞ ¼ R1

0 ux�1e�udu [26, 27]:

qðaÞ ¼ 22�ap1�aha
a� 1

sin
ap
2
CðaÞ: ð3:39Þ

It is noticed that Gamma function is divergent if x is a negative integer. In
practice, the power index a is usually not an exact negative integer; then the

Fig. 3.7 Schematic of LD
frequency noise PSD
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divergence of Gamma function there can be avoided. Nevertheless, expression
(3.38) gives an explanation of the Gaussian line shape, observed mostly in
experiments.

Actually, the noise spectrum cannot expand to the whole range from zero to
infinitive. Instead, the range should be between a finite lowest frequency fL and a
finite upper frequency fH. In practice, fL corresponds to the reciprocal of observation
duration; fH is determined by the frequency response of measurement setup. The
integral in (3.38) should then be rewritten as

qðaÞ ¼ 4hap1�a
Zx2
x1

xa�2 sin2 xdx; ð3:40Þ

where x1;2 ¼ psfL;H. The integral can be expressed with cosine integral functions
[27]. In such a case, the integral will not be divergent even for an exact negative
integer a. For flicker noises, a ¼ �1, the integral is reduced to

Zx2
x1

x�3 sin2 xdx ¼ 3=2þCiðx2Þ � Ciðx1Þ; ð3:41Þ

where CiðxÞ ¼ � R1
x t�1 cos tdt is the cosine integral function. For random walking

noises, a ¼ �2,
R x2
x1 x

�4 sin2 xdx � 1=x1 � p=3 is obtained [28], where approxi-
mation of x2 � 1 is taken. Formulas (3.38)–(3.41) show that the phase variance is
proportional to a power function of s, which gives basically a Gaussian-like line
shape.

The 1=f noise and white noise appear in the integral (3.9) as a product of two
exponential functions:

SEðf Þ ¼
Z1
�1

exp �2p2h0 sj j
�  � exp �2q1s2

� � �
e�j2pf sds: ð3:42Þ

According to the convolution theorem of Fourier transform, their composed line
is the convolution of their respective Fourier transforms, Lorenzian and Gaussian,
i.e., Voigt waveform [10, 11]:

SV ðf Þ ¼ S0

Z1
�1

expð�t2=b2Þ
ðf � tÞ2 þ a2

dt; ð3:43Þ

where a ¼ DfL=2, b ¼ DfG=2
ffiffiffiffiffiffiffi
ln 2

p
, and S0 ¼ 2

ffiffiffiffiffiffiffi
ln 2

p
DfL=ðp3=2DfGÞ. The Voigt

linewidth can be approximated by expression of DfV ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Df 2G þ 0:21666Df 2L

p
þ 0:5346DfL [10].
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Generally, the intrinsic linewidth is much smaller than the Gaussian linewidth
caused by external disturbances; therefore, the composite linewidth is mainly
determined by the latter. However, the two wings of line shape are mainly attributed
to the Lorenzian line. Figure 3.8 shows an example of self-homodyne signals,
measured with a setup shown in Fig. 3.4 [29]. Figure 3.8a is with a larger scale of
coordinate, and Fig. 3.8b is magnified curves. It is shown that the measured FWHM
linewidth is about 150 Hz by the light gray fitting curve, whereas the Lorentzian
line shape fitting the two wings corresponds to an intrinsic linewidth of 10 Hz.

3.3.2 Measurement of Laser Noises

Measurement of intensity noise and frequency noise is an important subject both for
research and development of single-frequency lasers and for their applications. In
the interferometry, the linewidth of laser source determines the visibility of inter-
ference fringes, while the laser noise, especially the noise in low frequency band,
degrades SNR of the interference signal. The method of noise measurement is based
on interferometers [20, 25–28]; but its focus is on the frequency spectrum of
interference signal, instead of the spectral shape of autocorrelation in the linewidth
measurement.

(1) Basic Principle.

In case a low noise reference laser is available, and the difference between the
central frequencies of reference laser and laser under test is within the range of
electrical spectrum analyzer, the phase noise can be measured by heterodyne of the
two lasers [20], as shown in Fig. 3.9, where two laser beams combined at the 3 dB
coupler are detected by a double-balanced photodiode (DB-PD), and the signal is
processed in the spectrum analyzer (SA). DB-PD is composed of two photodiodes
connected in series, as depicted in the figure, and biased reversely. The output is
acquired from their connection point, proportional to the difference of the two PD

Fig. 3.8 a Measured self-homodyne signal and its fittings; b In an expanded abscissa
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signals, so that the DC component will be canceled, whereas the AC components
with opposite phases will be detected.

The optical fields at the output ports of 3 dB coupler are written as

Ea ¼ j½E1e�jxret þE2e�j½xtþ/ðtÞ��=
ffiffiffi
2

p

Eb ¼ ½E1e�jxret � E2e�j½xtþ/ðtÞ��=
ffiffiffi
2

p
:

ð3:44Þ

The output signal of DB-PD is then obtained as

VðtÞ ¼ gð Eaj j2� Ebj j2Þ ¼ 4gE1E2 cos½ðx1 � x2Þt � /ðtÞ�; ð3:45Þ

where η stands for the responsivity of PD and amplification in electronics. From its
in-phase (I) and quadrature (Q) components interrogated in the spectrum analyzer,
the phase noise is detected as

tan½/ðtÞ� ¼ hVðtÞ sin½ðx1 � x2Þti
hVðtÞ cos½ðx1 � x2Þti : ð3:46Þ

When the proper reference laser is not available, delayed self-heterodyne (DSH)
or delayed self-homodyne (DSO) are usually used. The delayed MZI and MI are the
basic setup, similar to the linewidth measurement; but the OPD is short than the
coherence length of laser under test, so that the low frequency band noise can be
manifested clearer. Figure 3.10 shows a typical setup [30], where the laser output is

Fig. 3.10 Laser noise measurement setup

Fig. 3.9 Frequency noise measurement with heterodyne method; PC: polarization controller
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divided into two by the fiber coupler, one is detected by a photodiode PD3, giving
information of output power and intensity noise; the other is analyzed by a fiber
Michelson interferometer (MI) with delay of sd ¼ 2nkDL, which can be adjusted
by PZT. The two returned waves from the two arms of interferometer are detected
by PD1 and PD2. With the similar function of DB-PD, the signals are amplified in a
differential amplifier (DA); and converted to digital data by a data acquisition, and
processed with fast Fourier transform (FFT). An optical isolator (OI) is inserted in
the LD output path to avoid influence of returned wave to the laser’s status. Two
Faraday rotation mirrors (FRM) are used to remove the polarization fading due to
polarization change induced by external disturbances. The Mach–Zehnder inter-
ferometer (MZI) can also be used in the setup to get the same function.

The signal of interferometer contains information of frequency fluctuation of the
laser. Since the RIN is measured by PD1, the optical field to be measured for the
phase noise is regarded as with a constant amplitude: EðtÞ ¼ E0 exp½�jxt � j/ðtÞ�.
The fiber coupler with split ratio j : ð1� jÞ is assumed lossless. The returned wave
fields and intensities from the coupler are written as:

E1 ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jð1� jÞ

p
E0½e�j½xtþ/ðtÞ� þ qe�j½xðt�sdÞþ/ðt�sdÞ��

E2 ¼ E0½je�j½xtþ/ðtÞ� � qð1� jÞe�j½xðt�sdÞþ/ðt�sdÞ��;
ð3:47Þ

I1 ¼ jð1� jÞI0½1þ q2 þ 2q cosðxsd þD/Þ�
I2 ¼ I0½j2 þ q2ð1� jÞ2 � 2qjð1� jÞ cosðxsd þD/Þ�; ð3:48Þ

where D/ ¼ /ðtÞ � /ðt � sdÞ is the differential phase noise, from which the fre-
quency noise and its spectrum will be obtained; q ¼ expð�aFDL=2Þ is the fiber loss
factor. If the coupler with j ¼ 0:5 is used, the DC component of interference
signals can be canceled in the differential amplifier, the AC component of inter-
ferometer output is obtained as

VðtÞ ¼ gðI1 � I2Þ ¼ gqI0 cosðxsd þD/Þ ! gqI0 sinD/; ð3:49Þ

where η stands for the responsivity of PD and the amplification of DA. In order to
obtain the quantitative value of phase noise variance, it is needed to calibrate the
ratio of optical signal to electrical signal. By modulating the PZT or by tuning the
laser under test to adjust the interference phase xsd, the maximum and minimum
values of interferometer signal, Vmax and Vmin are measured, giving
gqI0 ¼ ð Vmaxj j þ Vminj jÞ=2. Furthermore, to maximize the sensitivity of interference
to the phase fluctuation D/, the interferometer should be adjusted to work at
quadrature point xsd ¼ ðmþ 1=2Þp. Signal VðtÞ is then averaged to zero, as shown
by the last expression of formula (3.49), and its variance is reduced to

hsin2 D/i ¼ hV2ðtÞi=ðgqI0Þ2 ¼ r2V=ðgqI0Þ2: ð3:50Þ
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If the fluctuation of differential phase is small enough to meet condition of
D/ � 1, the variance of differential phase will be proportional to the variance of
detected signal. Based on the relation of Fourier transformsfD/ðf ; sdÞ ¼ ð1� e�j2pf sdÞe/ðf Þ, PSD of laser’s phase noise is obtained as

S/ðf Þ ¼ SD/ðf Þ
4 sin2ðpf sdÞ

: ð3:51Þ

It is seen that the measured data of phase noise are related to the OPD of
interferometer. The relation between the differential phase and the frequency noise
dm can be expressed as D/ ¼ 2p

R t
t�sd

dmðtÞdt ¼ 2psdhdmi, meaning that the average
of frequency fluctuation is obtained in range of sd, and the measured spectrum is
reliable in the range lower than 1=sd. The power spectral density Smðf Þ of frequency
noise in the range can then be obtained by Fourier transform of measured frequency
noise variance, r2m ¼ r2D/=ð4p2s2dÞ. For comparable information, the reported
measured data in the literature are usually provided with an annotation about the
delay.

Although a larger delay is beneficial for a higher signal of D/ under certain
frequency noise levels, it should be limited to meet the requirement of
sinD/ � D/, especially in the range of very low frequency, where the noise level
will increase greatly for 1=f noise.

The paths of fiber interferometer are usually susceptible to external disturbances,
which will cause errors of laser noise measurement. Therefore, the interferometer
has to be put into a temperature-stabilized and vibration-isolated box. It is necessary
to use low noise detectors and electronics to decrease their influence on the mea-
sured data. Practically such noises exist inevitably; the noise spectrum of mea-
surement setup itself has to be measured separately and used to calibrate the
measured data of laser noise. On the other hand, the frequency responses of the
detectors and electronics, including the data acquisition device, should be taken into
account also. Their response will determine the upper limit of measured laser noise
spectrum.

The methods of laser noise measurement are being developed for higher relia-
bility and for lower cost. References [20, 32] proposed a scheme based on the
technology of optical phase-locked loops (OPLL), which is the basic technique
used in coherent optical communications. Instead of frequency shift, the frequency
modulation is used in self-heterodyne [28, 33].

(2) Improvement of Interferometer with 3 
 3 Coupler.

The MZI or MI composed of a 2 
 2 fiber coupler has essential shortcomings;
that is, dead regions exist at positions with phase factor of mp, where the sensitivity
to interference signal is toward zero. In addition, the direction of signal’s variation
cannot be distinguished there, and the accumulative calculation of phase changes
over 2p becomes impossible, i.e., the phase unwrapping there has to rely on some
indirect methods. Therefore the working point at quadrature should be adjusted and
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stabilized, as discussed above. To avoid such shortcomings, an interferometer
composed of a symmetric 3 
 3 coupler was proposed [34, 35], as shown in
Fig. 3.11. The transfer matrix of a 3 
 3 lossless coupler is written as [36]:

A
B
C

0@ 1A ¼ jffiffiffi
3

p
s 1 1
1 s 1
1 1 s

0@ 1A A0

B0

C0

0@ 1A; ð3:52Þ

where A0, B0, C0 and A, B, C are the input and output optical fields of the three
ports, respectively. A phase shift between adjacent ports exists as expressed in
s ¼ sj j expðjuÞ. For an ideal 3 
 3 coupler with split ratio of 1:1:1, sj j ¼ 1,
u ¼ 2p=3. The interferometer in Fig. 3.11 uses two output ports of the 3 
 3
coupler, with the third port made reflection-free.

The three returned waves of the MI are obtained as

E1

E2

E3

0@ 1A ¼ �1
3

s 1 1
1 s 1
1 1 s

0@ 1A ejh1 0 0
0 0 0
0 0 ejh2

0@ 1A s 1 1
1 s 1
1 1 s

0@ 1A E0

0
0

0@ 1A; ð3:53Þ

I1
I2
I3

0@ 1A ¼ 2
9

1� cosðDhþ p=3Þ
1� cosðDh� p=3Þ

1þ cosDh

0@ 1AE2
0 ; ð3:54Þ

where Dh ¼ h1 � h2 ¼ D/þxsd is the differential phase of MI. Figure 3.12 shows
a measured interference signals with a tunable source. It is seen that no matter how
much the bias phase is, at least two of the three outputs are given with definite
values and sensitivities; and when one of them reaches its maximum, the other two
show opposite slopes, which can be used to judge the direction of phase change.
The interference phase can be demodulated by three detected signals:

tan Dh ¼ 1ffiffiffi
3

p I2 � I1
2I3 � I1 � I2

ð3:55Þ

Fig. 3.11 Frequency noise measurement setup with a 3 
 3 coupler
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To reveal the information of laser noise, the differential phase xsd is demodu-
lated first by using average signals of I1, I2, and I3, since the average of laser phase
noise is zero. Then, the phase noise can be obtained from their dynamic values.
Mach–Zehnder interferometer with a 3 
 3 coupler has the similar property.
Figure 3.13 shows an example of frequency noise PSD of a waveguide grating
external cavity semiconductor laser, measured by the setup shown in Fig. 3.11 with
a 50 m long delay line fiber, where four traces are the results of successive mea-
surements [35]. In practice, the 3 
 3 coupler may deviate from the ideal case;
generally, the transfer matrix should be written as

Fig. 3.12 Signals of MI composed of a 3 
 3 coupler

Fig. 3.13 An example of measured PSD of frequency noise, with the setup of Fig. 3.11
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I1=I0 ¼ A� A1 sinD/� A2 cosD/
I2=I0 ¼ B� B1 sinD/þB2 cosD/
I3=I0 ¼ CþC1 sinD/

: ð3:56Þ

The coefficients in (3.56) have to be calibrated experimentally. The responsiv-
ities of the three photodetector and amplifications of electronic circuits have to be
calibrated also.

(3) Calculation of Dynamic Linewidth with Frequency Noise PSD.

For an extremely narrow line laser, the self-correlation methods introduced in
Sec. 3.2 may not be effective, because the OPD of interferometer matching with the
coherence length is so large that the fiber loss is too high for returned wave to be
received. In such a case, the line shape and linewidth can be obtained by calculating
integral (3.10) with the measured PSD of frequency noise. On the other hand, the
variation of linewidth with the observation time is an important parameter both for
researches and applications of the laser.

It is imaged from Fig. 3.6 that the composite linewidth increases with the
observation time since the drifting of peak frequency will give more contribution.
The effect of finite observation time T can be regarded as a filter in frequency
domain applied on PSD of frequency noise with cutoff frequency of 1/T [37]:

Smðf ; TÞ ¼ Smðf Þ 1� sin2ðpfTÞ
ðpfTÞ2

" #
: ð3:57Þ

The autocorrelation of differential phase is given by the term with e�V in formula
(3.33) and (3.34), which is now expressed as

r2D/ ¼ 16
Z1
0

Smðf Þ sin
2ðpf sdÞ sin2ðpf sÞ

f 2
1� sin2ðpfTÞ

ðpfTÞ2
" #

df : ð3:58Þ

The line shape is then written as

SEðf ; TÞ ¼
Z1
�1

exp½�r2D/ðs; TÞ=2�e�j2pf sds: ð3:59Þ

For an arbitrary line shape other than Lorentzian and Gaussian, it is needed to
define an effective linewidth. One of the definitions is based on the equality of
integrated areas of line shape, expressed as

Df ¼
Z1
0

SEðf Þdf =SEð0Þ ¼ 1=SEð0Þ: ð3:60Þ
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The last expression of (3.60) is for a normalized line shape, and its peak can be

written as SEð0Þ ¼
R1

�1
exp½�r2/ðsÞ=2�ds. For an exact Gaussian line, the ratio of

(3.60) to the standard DfG is
ffiffiffiffiffiffiffiffiffiffiffiffiffi
p= ln 2

p
=2 � 1:064; it means (3.60) gives a good

fitting for Gaussian-like lines. For Lorenzian line, the ratio is p/2; the big deviation
is due to its higher wings. Another definition of effective linewidth is also used in
some literature, expressed as [38]:

Df ¼
Z1
0

SEðf Þdf
24 352

=

Z1
0

S2Eðf Þdf : ð3:61Þ

Difference between the contributions of PSD spectral components of low and
high frequency bands to the linewidth is discussed in Ref. [39]. It is shown that the
integral over lower frequency range gives the main contribution to the linewidth,
with the boundary of two ranges set at frequency of Smðf Þ � f , called b-line. The
empirical formula gives a simple method to estimate the linewidth to avoid the
calculation of PSD integral.

3.3.3 Intensity Noise and Its Suppression

Direct current pumping is a remarkable advantage of semiconductor lasers; how-
ever, the current noise will become an origin of laser’s noises, especially the
intensity noise. Owing to high gain coefficient, low reflectivity mirrors can be used
to build the laser cavity. It is another advantage of semiconductor laser. However, it
makes the laser susceptible to external optical feedback; it is another origin of phase
noise and intensity noise.

The PSD of intensity noise induced by pumping noise can be derived from
(3.27b), as

SRINðf Þ ¼
v2gg

2
N

4
FNj j2

ðf 2 � f 2RÞ2 þðc1f Þ2
; ð3:62Þ

which has similar behavior to current modulation spectrum. Taking the 1=f noise
and the white noise into account, the PSD of RIN is shown schematically in
Fig. 3.14a. The G–R noise in the figure is so-called generation–recombination
noise, which often exists in semiconductor devices, such as photodetector, electrical
amplifier and in laser driver source [40].

The intensity noise can be suppressed greatly by controlling the pumping current
with feedback error signals. The method is called the automatic power control
(APC). Its usual procedure includes the following steps: (1) Detect the output power
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by a photodiode (PD); (2) Get the difference between the detected signal and a
stabilized reference voltage as error signals; (3) Adjust the laser driver with the error
as feedback signal. Figure 3.14b shows a schematic frame of APC, where an
analog-to-digital converter (ADC) and a spectrum analyzer (SA) are used to
measure the noise characteristics of power stabilized output. The dashed line in
Fig. 3.14a is the result with APC applied, showing a great suppression of RIN in
the low frequency band. The performance of APC is dependent on the response
speed of the detector and the feedback circuit; it is more effective in the low
frequency band.

The relaxation oscillation behavior is not welcome in most applications.
A number of efforts have been made to suppress the resonance peak. The basic idea
is to increase the photon lifetime and thus to make the semiconductor laser trans-
ferred from so-called B-class to A-class. (The laser classifications on their stabilities
will be stated later in Sect. 3.5.1.) The relaxation oscillation amplitude goes up with
output power increasing firstly, and then goes down after a maximum, as shown in
Fig. 2.16. It is derived from (2.43) that the relaxation oscillation peak will disappear
if the x4

R 	ðx2
R � c2R=4Þc2R, or equivalently the photon lifetime sp meets the fol-

lowing condition:

sp �
2vgCgNp0s2sp

ð1þ vgCgNp0sspÞ2
: ð3:63Þ

In such a case a flat frequency spectrum of relaxation oscillation can be obtained.
Several schemes for the purpose have been proposed and demonstrated by
designing or adjusting the photon’s lifetime sp or the working point p0, such as by
using a long extended cavity length [41] and by inserting an optical element with
high dispersion index, e.g., with property of electromagnetically induced trans-
parency (EIT) [42]. Other schemes use nonlinear damp elements, e.g., a two-photon
absorber or a SHG-based buffer reservoir [43], which can be regarded as a gain
saturation element to damp the power fluctuation.

Fig. 3.14 a Typical PSD curve of intensity noise. b Schematic diagram of LD intensity noise
measurement with APC
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3.4 Frequency Stability and Allan Variance

3.4.1 Characterization of Frequency Stability

The single frequency laser is widely used as the source to provide a frequency
reference in applications of frequency standard, time services, precise metrology,
and others. The frequency stability in long terms is one of the most important
concerns for such applications. The stability has intrinsic relations with frequency
noise, or more exactly with frequency drift. The stability involves characterizations
in a long period operation, from the order of milliseconds through days, months,
and even longer. In view of frequency noise spectrum, it corresponds to the noise in
very low frequency bands toward zero. It has been found in R&D of electronic
frequency standard technologies that the conventional method of variance analysis
of random variables will result in divergence, as shown in Fig. 3.15 [44]. It may be
understood by the argument that the frequency noise itself, as a random variable,
has 1=f noise characteristics in the low frequency bands. It is meant that the longer
the period of inspection, the lower the frequency band is concerned, and thus the
stronger the effect of 1=f noise exists.

To overcome such a difficult, Allan variance and related modified schemes were
proposed as commonly recognized methods for characterizing the frequency sta-
bility [44]. The basic definition of Allan variance is written as [24, 44–46]

r2yðsÞ ¼
1
2
hðyiþ 1 � yiÞ2i ¼ 1

2ðN � 1Þ
XN
i¼1

ðyiþ 1 � yiÞ2; ð3:64Þ

where yi ¼ mi=m0, m0 is the nominal frequency, mi is the i-th frequency measured in
the observation time (or integration time) of s. The period of repeated measure-
ments is T , which may be larger than the observation time, and depends mainly on
the availability of measurement apparatus. Symbol of h� � �i stands for the ensemble

Fig. 3.15 Convergence of
standard deviation and Allan
deviation. Reprinted from
[44] with permission
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average or time average; the last expression of (3.64) is the estimate of variance,
where N is the number of samples. Allan variance is actually the variance of
frequency difference between successive measurements. The frequency stability is

usually displayed by a curve of log ry � log s, where ry ¼
ffiffiffiffiffi
r2y

q
is Allan devi-

ation (ADEV). The divergence of conventional variance is then avoided, as shown
in Fig. 3.15.

Allan variance is interrelated directly with the frequency noise. The frequency
difference of successive nominal frequencies yD ¼ yiþ 1 � yi can be written as a
convolution:

yD ¼
Z1
�1

yðtÞHðt � tiÞdt; ð3:65Þ

where yðtÞ ¼ mðtÞ=m0. The sampling function H (t) shown in Fig. 3.16, is expressed
as

HðtÞ ¼
�1=s �ðT þ sÞ=2	 t\� ðT � sÞ=2
1=s ðT � sÞ=2	 t\ðT þ sÞ=2
0 else

8<: ð3:66Þ

Allan variance is then deduced as [44, 46]:

r2yðsÞ ¼
1
2
hðyDÞ2i ¼ 1

2
hj
Z1
0

~yDej2pf tdf j2i ¼ 1
2
hj
Z1
0

~y � eHej2pf tdf j2i

¼ 1
2

Z1
0

Z1
0

~y � eH�� ��2hej2pðf�f 0Þtidf df 0 ¼ 1
2

Z1
0

Sy eH�� ��2df
¼ 2

Z1
0

Syðf Þ sin
2ðpf sÞ sin2ðpfTÞ

ðpf sÞ2 df ! 2
Z1
0

Syðf Þ sin
4ðpf sÞ
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Fig. 3.16 Sampling function
of yD
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where Syðf Þ ¼ Smðf Þ=m20 ¼ f 2S/ðf Þ=m20 is the power spectral density of yðtÞ, and the
Fourier transform of H(t), eH ¼ �j2 sinðpf sÞ sinðpfTÞ=ðpf sÞ, is used. The last
expression is for T = s.

If the PSD of frequency noise is dominated by the power law, written as
S(f) = ha f

a, Allan variance is reduced to

r2yðsÞ ¼ 2haðpsÞ�a�1
Z1
0

sin4 x
x2�a

dx / sl; ð3:68Þ

showing different behaviors for different indexes of a. The noises are classified as
white frequency (FM) noise (a ¼ 0), flicker FM noise (a ¼ �1), random walk FM
noise (a ¼ �2), white phase modulation (PM) noise (a ¼ 2), and flicker PM noise
(a ¼ 1). For the white and flicker PM noise, integral (3.68) will be divergent.
However, in practical cases an infinite band of frequency measurement is impos-
sible; its low and high edges, fL and fH, should be considered, and the integral will
result in a finite coefficient. Table 3.1 gives the power spectral density and Allan
variance of different noise types; c1 and c2 in Table 3.1 are functions of fH [24, 44].

Figure 3.17a gives a schematic illustration of the behaviors of ry � s diagram,
from which different noise types can be distinguished. It is seen from Table 3.1 that
Allan variances of white and flicker PM noise have similar power law of s.

Table 3.1 Allan variances for different power law noises [24, 44]

White PM Flicker PM White FM Flicker FM Random walk FM

Syðf Þ h2f 2 h1f h0 h�1f�1 h�2f�2

r2yðsÞ c2h2=s2 c1h1=s2 h0=ð2sÞ 2h�1 ln 2 2p2h�2s=3

Fig. 3.17 a Allan variance versus integration time for different noise types. b Measured Allan
deviation versus integration time
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To distinguish the two noise types, the modified Allan variance was proposed [46],
which is defined as:

mod r2yðsÞ ¼
1
2

1
n

Xn
i¼1

ð�yiþ n � �yiÞ
" #2* +

; ð3:69Þ

where s ¼ ns0, s0 is the time needed for the used frequency counter to read out; �yi is
the average of n measurements. The modified Allan variance of white PM will
display a behavior of / s3, thus distinguishable from flicker PM with / s2.

3.4.2 Measurement of Allan Variance

The frequency can be measured by a frequency counter, which is a commercially
available apparatus. For the laser frequency measurement, it is necessary to use the
method of correlation, i.e., mixing the laser under test with a reference laser with
stable and precision frequency to convert the high frequency down to low fre-
quency in the band suitable for the frequency counter.

Figure 3.18a is a schematic diagram; Fig. 3.18b shows an example of mea-
surement setup, which uses a high stable laser as the reference frequency; the error
signal provided by the PD is used to lock the single frequency laser (SFLD), and
also to calculate Allan variance. Figure 3.17b gives a measured curve of Allan
deviation versus integration time of a frequency-stabilized semiconductor laser,
showing the instability of 5
 10�11 in second scale [47].

In practice, the integration time s may take different ranges for short-term,
medium-term, or long-term applications, and depends on different concerns of
frequency stability. The analysis of Allan variance can be carried on either in real
time or by post-processing. For a certain frequency counter with readout time s0
and total data number M, the sample’s number is N ¼ Ms0=s. Therefore, the
confidence interval of Allan variance varies with the integration time; the ry � s

Fig. 3.18 Setup of Allan variance measurement. a Conceptual diagram; b With a reference laser.
OI Optical Isolator; FD Frequency Discriminator; PBS Polarization Beam Split; WP Wave Plate
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curve may display dispersions for larger s. It is shown by analysis of independent
random variables that the probability of multiply measured Allan variance obeys v2

distribution, expressed as [48]

v2NðxÞ ¼ xN�1e�Nx=�x=½2NðN � 1Þ!�; ð3:70Þ

where �x ¼ R1
0 xpðxÞdx with pðxÞ as the probability of single measurement. It is

deduced that the variance of N-time measured variable decreases with the number
of samples: r2 ¼ �x2=N.

For better confidence, with shorter error bars in ry � s curve, the overlapping
method used in sample’s averaging can increase the sample’s number, which is
expressed as [49]:

r2yðsÞ ¼
1

2m2ðN � 2mþ 1Þ
XN�2mþ 1

i¼1

Xiþm�1

j¼i

ðyjþm � yjÞ2: ð3:71Þ

Figure 3.19 gives an illustration of statistic method for conventional and mod-
ified Allan variance, and its overlapping calculation. Other modified methods, such
as Hadamard variance, are also developed to conform with the complicated situa-
tions in practice, and to give results with higher accuracy and stronger capability of
tracking noise origins [49, 50].

Many theoretical problems and technical issues have been studied for charac-
terization of frequency stabilities in practice; the results are published in journals
and monographs. Interested readers can find them in the literature.

3.5 Other Effects and Manifestations of Laser Noises

Apart from linewidth, frequency noise, and frequency stability described above,
laser will show other appearances of imperfections. Three of them are introduced
very briefly in this section: chaos, jitter and multimode noise, and those related to
internal defects.

Fig. 3.19 Illustration of different statistic methods of Allan variance
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3.5.1 Chaos of Semiconductor Lasers

Chaos was discovered first in investigations of weather and climate [51]; it was also
observed in many fields, including physics. Chaos looks random, but actually is
deterministic. Chaos is a nonlinear process, described by nonlinear equations. The
evolution of concerned parameters is determined by definite equations, different
from the random noise described by Langevin forces. Chaos features that primary
conditions with a minor difference will result in outputs with very different char-
acteristics; and a minor disturbance will lead to big instabilities. Chaos displays
often behaviors of bifurcation and strange attractors, and so on [52].

The origin of chaos in lasers can be understood and described as follows.
According to Maxwell electromagnetic wave theory, the optical field Eðz; tÞ is
induced by the electric polarization Pðz; tÞ; the latter is related to transitions of
active atoms, which is determined by the population inversion Wðz; tÞ. In the
semiclassical theory of laser physics, the three quantities are coupled with each
other in the rate equations [5], written as:

@E
@z þ n

c
@E
@t ¼ j ke P� n

2csp
E

@P
@t ¼ jðx� x0ÞPþ j l

2

2�hWE� P
T2

@W
@t ¼ j

�h ðP � E� � E � P�Þ � W�W0
T1

;

ð3:72Þ

where l ¼ heri is the electric dipole, x0 ¼ ðE2 � E1Þ=�h is the transition frequency,
W0 is the biased population inversion, sp is the photon’s lifetime, T2 is the relax-
ation time of electric polarization, termed the transverse relaxation time, and T1 is
the lifetime of inversed population, termed the longitudinal relaxation time. The rate
equations contain nonlinear terms of E � P and WE; they can be reduced to equa-
tions similar to the famous Lorenz equation in the chaos theory, typically expressed
as

dx=dt ¼ rðy� xÞ
dy=dt ¼ rx� xz� y

dz=dt ¼ xy� bz:

ð3:73Þ

It is indicated by theoretical study that the stability of laser operation depends on
relative values of the three time constants. Correspondingly the lasers are classified
into three classes. When the time constants of the relaxations are of the same order,
sp � T1 � T2, the laser is classified to Class C, which works usually in chaos state,
showing unstable oscillation like irregular pulsations. When the transverse relax-
ation time is much smaller than the photon lifetime and the population lifetime,
T2 � sp; T1, the laser is classified to Class B, which works usually stably, but is
susceptible to external disturbances and goes into chaos under certain conditions.
The laser with T1; T2 � sp is called Class A laser, which works stably.

72 3 Noises and Stability of Semiconductor Lasers



The semiconductor laser is classified to Class B, because its transverse relaxation
time is in the order of 10−13 s, determined by the carrier relaxation inside the bands
[5], much smaller than the photon lifetime and carrier recombination lifetime. The
mutual reaction between photons and carriers in semiconductor lasers is the
strongest and the most direct among various lasers. Because of the high gain
coefficient and low reflectivity of cavity mirror, the output optical wave is easier to
reenter the LD cavity, resulting in instability higher than other lasers. The direct
electric current pump makes the LD susceptible to the noise of driver and elec-
tromagnetic interferences. The chaos of laser operation state displays not only in
instability of its intensity, but also in its longitudinal mode characteristics. Detailed
theoretical analyses and experimental studies can be read in journals and books
[5, 53–56].

As discussed in Sect. 2.4, the output power of LD shows a linear L-I curve.
However, kink of L-I curve is often observed, which is commonly attributed to
mode competitions. Kinks can be described by rate equations without noise factors,
as will be discussed in Chap. 5. At the kinks, self-pulsation is usually taking place,
and chaos occurs often. Figure 3.20 shows the pulsation waveforms of an external
cavity semiconductor laser recorded at kink points of L-I curve when the pumping
current injected to LD chip is kept constant [57]. Note that the scales of abscissa are
different in the figure, showing bifurcation of self-pulsation period, which is one of
the typical behaviors of chaos.

Fig. 3.20 Self-pulsation waveforms with time scales of a 100 ms/div.; b 20 ms/div.; c 2 ms/div.;
d 500 ls/div.; e 50 ls/div.; f 10 ms/div
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The stability is one of the most important performances of semiconductor lasers,
especially in the optical communication applications. In optical fiber systems,
forward and backward scatterings occur frequently at the connections between
optical components and fiber sections. If such returned waves enter LD cavity, the
laser operation will be affected greatly.

The instability caused by such an optical feedback has been studied in details
[58–60]. It is indicated by experimental studies and theoretical analyses that the
stabilities of LD operations show different appearances in five regions according to
feedback strength and bias level, as shown in Fig. 3.21 [59], where the feedback is
measured as the fraction of output power, and the bias is normalized to the
threshold. Due to its randomness, the feedback may generate different influences.
When the optical feedback is lower than some critical level, as marked by (I) in the
figure, the laser works in a single longitudinal mode. As the feedback increases it
will work in multiple longitudinal modes, and the noise caused by mode compe-
tition will occur in region II. If the bias increases to a certain degree for the case of
same feedback, the main mode may dominate; the laser will go back to the single
mode operation, as marked by (III). As the feedback increases further, the laser
operation enters into chaos state in region (IV), where great instabilities occur with
big intensity fluctuations and linewidth broadening. It is called the state of coher-
ence collapse. The scope of chaos region is dependent on the bias level as shown in
the figure. When the feedback increases to a higher level, the laser state will go back
to a stable single mode state in region (V), where the optical feedback plays a role
of noise suppression and linewidth reduction. Lasers with feedback from a specially
designed external cavity are classified to this case, which will be discussed in
Chap. 5.

The above-mentioned characteristics are only a qualitative description.
Complicated phenomena with big differences may be observed for lasers with

Fig. 3.21 Regions of laser
stability states with different
external feedback levels.
Reprinted from [59] with
permission
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different structures and under different conditions. The laser chaos is a topic
involving deep physical mechanisms and mathematical connotation, beyond the
scope of this book. Its detailed analyses and discussions may be read in monograph
[5, 52] and references [53–56].

3.5.2 Jitter of Laser Pulses, Mode Partition Noise,
and Speckles

Noises of semiconductor lasers display in different appearances. Among them jitter
of laser pulses and mode partition noise are widely concerned for some important
applications, especially for optical communication and optical storage.

(1) Turn-on Jitter

It is evident that the fluctuation of pump current pulse front d t and the fluctu-
ations of its amplitude d I will cause the turn-on jitter of laser pulses in time
domain. From the delay time given in Sect. 2.6, td � ssp ln½ðI � IbÞ=ðI � IthÞ�, the
turn-on jitter can be estimated as

dtd � dt2 þ s2spðIth � IbÞ2
ðI � IbÞ2ðI � IthÞ2

dI2
" #1=2

: ð3:74Þ

It is seen that the second term declines as the pulse current amplitude increases.
Other factors of noise, such as temperature fluctuations and vibrations, may also
induce the jitter, because these factors will cause noise of carrier concentration and
field amplitude by their mutual coupling, as described by the rate Eqs. (3.26–
3.27c).

(2) Mode Partition Noise

Mode partition noises are attributed to random launching of different longitu-
dinal modes. Their interferences will result in random fluctuations of output power
due to the random phase difference between the modes. References [6, 61, 62] gave
detailed descriptions and analyses. No mode partition noise would occur for a pure
single longitudinal mode laser. It is noticeable that the amplitude of mode partition
noise declines with increasing of the mode number due to the averaging effect over
the modes. When only two or a few modes exist in the laser beam, the amplitude of
mode partition noise will be high. Mode partition noise is harmful to the perfor-
mance of laser application system. For example, a high bit error rate will be induced
in writing and reading data of optical storage disks. Lasers with many longitudinal
modes are preferable in such applications.
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(3) Speckles

Another effect of the multi-longitudinal mode laser is the specklegram, which is
attributed to interference of longitudinal modes in space, and interference of
transverse modes in waveguide [48, 63]. Figure 3.22 displays a photo of speckle
pattern observed in a multimode fiber [64]. The pattern is formed by constructive
and destructive interferences due to different propagation phase shifts of the modes.
The speckle will induce intensity noise in applications of laser far-field; on the other
hand, it can be used as a sensor for detecting variations of propagation phases.
Detailed theory of laser specklegram and its applications can be found in references
and books [63–65].

3.5.3 Noise and Instability Related to Internal Defects

Material defect in the semiconductor is one of the main factors affecting laser’s
performances, such as its threshold and output power, and also inducing its noises.
The defects may play a role of recombination centers, causing non-radiative tran-
sitions and reducing the internal quantum efficiency. The defects may absorb
photons, increasing the loss coefficient in the laser cavity. The effect of defects is
also reflected in the characteristics of P-N diode, such as the turn-on voltage, the
derivative conductivity, junction capacity, and its electrical noises. Defects will
generate during long-term operations as a symbol of LD degradation. Therefore, the
measurement and inspection of LD noises and I–V characteristics can be utilized to
predict its reliability [66–68].

The self-sustained pulsation is a typical instability observed in semiconductor
lasers; that is, even under a DC current injected, the laser can oscillate without stop
[69]. It originates from some kind of defects and imperfections, including existence

Fig. 3.22 Speckle pattern on
facet of multimode fiber
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of regions with nonuniform and low pump levels in the cavity. For example, the
carrier’s recombination by surface states at the cleaved facets will generate
absorption regions in longitudinal direction of the cavity. The injected current may
expand laterally, generating lateral absorption. The defects induced during material
growth and during long-term operations will also cause such a phenomenon. It is
indicated theoretically that such defects and imperfections behave somewhat like
saturated absorbers [70, 71], i.e., its absorption will decrease with increasing of
optical intensity, and the effect is reversible. The oscillation can be described by rate
equations modified with such absorbers involved; the oscillation frequency of
self-sustained pulsation is basically equal to the frequency of relaxation oscillation,
as described in Sect. 2.6.
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Chapter 4
Monolithically Integrated Semiconductor
Lasers

4.1 Distributed Feedback Semiconductor Laser

It is hard for ordinary F-P cavity LDs to work in a single longitudinal mode because
its gain spectrum is broad and flat, and no mode selection is provided by the F-P
cavity. Even if a certain longitudinal mode has the dominant superiority over others
under a DC bias, possibly for the index guided LD, such superiority is not stable,
and the side mode suppression ratio (SMSR) is not high enough. Moreover, the
superiority will be diminished in high frequency modulations. In many practical
applications, especially the optical communications, lasers must work in the single
longitudinal mode dynamically under high frequency modulations.

Several schemes of LD structures with mode selections had been tried based on
F-P cavity, but were not satisfactory for the performances, and for the possibility of
mass production. As well known, the optical grating has strong wavelength
selectivity. By combining the grating and the gain medium active region the idea of
DFB was proposed earlier and demonstrated in dye laser first [1, 2]. Great efforts
were paid to develop the DFB semiconductor laser, in which a grating is fabricated
inside or closely near the active region, and parallel to the direction of laser beam
propagation. After a series of difficulties in its fabrication was overcome, the
DFB-LD was successfully developed, showing excellent performances and com-
mercial availability [3]. Its cross section is shown in Fig. 4.1 schematically.

4.1.1 Coupled Mode Theory of DFB Laser

The theory and characteristics of DFB lasers have been expounded in numbers of
papers and monographs [2, 4–8]. This section gives a brief introduction to its basic
principle.
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(1) Threshold Condition of DFB-LD with Uniform Grating.

The coupled mode theory (CMT) is the DFB laser [7]. The index of active region
of DFB laser is expressed as

nðzÞ ¼ n0 þ
X1
m¼1

nm cosð2pmz=KÞ � n0 þ n1 cosð2bBzþuÞ; ð4:1Þ

where z is the position along the cavity, u is the phase of origin point respect to the
grating period. According to CMT, the second term of (4.1) is taken as a pertur-
bation of the rate equation. The last expression of (4.1) is for the first order Fourier
expansion, bB = p/K is Bragg wavevector of the grating. The index is composed of
real and imaginary parts: n0 = n0r + jn0i with n0i = a/2k0 for the loss, or n0i = −g/2k0
for the gain. The index modulation and gain modulation in the cavity are generally
supposed with the same period, with n1 = n1r + jn1i. Under the distributed feedback,
the optical field is composed of forward and backward waves:

EðrÞ ¼ Fðx; yÞ½AðzÞ expðjbBzÞþBðzÞ expð�jbBzÞ�: ð4:2Þ

The transverse field F(x, y) obeys equation of r2
xyFþðn20k20 � b2ÞF ¼ 0, as

eigen functions without perturbations, where b = 2pn/k. Substituting (4.2) into
Helmholtz equation r2Eþ n2ðzÞk20E ¼ 0, with the squares of index perturbation
and high order oscillations of expð�j3bBzÞ omitted, and with u = 0 for simplicity,
the coupled mode equations are reduced to:

A0 � ðgþ jdÞA� jjB ¼ 0

B0 þ ðgþ jdÞBþ jjA ¼ 0;
ð4:3Þ

where the second order derivatives of fields are omitted as a model of slowly
varying amplitude; g ¼ �n0n0ik20=b � �n0ik0 is the net gain coefficient of field. For
simplicity, g is defined as field gain here, being half of power gain coefficient;
j ¼ n0n1k20=2b � n1k0=2 is the coupling coefficient; and d ¼ ðb2 � b2BÞ=2bB
� b� bB. Combining the two equations of (4.3), the solutions are expressed as:

Fig. 4.1 Schematic diagram of DFB-LD structure
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AðzÞ ¼ a1 expðczÞþ a2 expð�czÞ
BðzÞ ¼ b1 expðczÞþ b2 expð�czÞ; ð4:4Þ

where c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgþ jdÞ2 þ j2

q
. The relations of coefficients are deduced from the

equations: jðgþ jd� cÞa1 ¼ jb1 and jðgþ jdþ cÞa2 ¼ jb2. We consider here a
pure DFB laser without reflections at the two cleaved facets, i.e., no fields input at
z ¼ �l=2. The boundary conditions are written as A(−l/2) = 0 and B(l/2) = 0 with the
origin of coordinate set at the middle point of grating; therefore a1 þ a2ecl ¼ 0;
b1ecl þ b2 ¼ 0. The eigen value equation is then obtained, and the threshold con-
dition, including the gain condition and the phase condition, is given as

gþ jd� c
gþ jdþ c

¼ e�2cl: ð4:5Þ

with c2 ¼ ðgþ jdÞ2 þ j2, (4.5) can be rewritten as different forms of complex
transcend equations: gþ jd� c ¼ jje�cl; or gþ jd ¼ jj coshðclÞ and
c ¼ jj sinhðclÞ.
(2) Stop Band

The grating in DFB semiconductor lasers is typically classified into two kinds:
index grating and gain grating, corresponding to n1r 6¼ 0; n1i � 0 and
n1i 6¼ 0; n1r � 0, respectively. Their characteristics are quite different. For index
grating DFB, j is real, and c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
at d = 0. The threshold condition (4.5) is

reduced to

g�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
gþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p ¼ exp½�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
l�: ð4:6Þ

This equation has no solution of real g. It means that the DFB laser with index
coupled grating cannot work at Bragg wavelength kB ¼ nK=2; lasing is stopped
there.

The stop of lasing originates from the Bragg diffraction effect of one dimensional
index grating. Reference [5] gives a qualitative explanation of the stop band, as
shown in Fig. 4.2. The grating is divided into two sections arbitrary, where their
starting phases respect to the grating are roughly half period different from each other,
i.e. Du = p/2. If the reflection of right section to the left is r1, the reflection of left
section to the right should be r2 expðjp=2Þ, corresponding to a negative product of the
two intensity reflections, R1R2 ¼ �r21r

2
2, which goes against the lasing condition.

The lasing modes of index grating DFB laser have to be shifted from Bragg
wavelength to its two sides. In the case of weak grating for qualitative discussions
[5], parameter c can be expanded as c � gþ jdþ j2=2ðgþ jdÞ. Substitute it into
(4.5), the lasing condition is approximated as

4.1 Distributed Feedback Semiconductor Laser 83



jj
2ðgþ jdÞ � exp½�ðgþ jdÞlþ j2l=2

gþ jd
�: ð4:7Þ

The position of longitudinal modes and the gain condition is then obtained as:

dml � tan�1ðdm=gmÞþ ðm� 1=2Þp; ð4:8aÞ

j2 expð2gmlÞ � 4ðg2m þ d2mÞ: ð4:8bÞ

It is seen from (4.8a) that dm cannot equal to zero, meaning the laser cannot work
at Bragg wavelength. Two nearest modes is given by m = 0 and m = 1 with mode
spacing of Db � p=l; the band between them is called the stop band. It is seen also
that the higher order modes have much higher thresholds and cannot lase usually,
demonstrating the mode selection of grating.

For the case of gain coupled grating, j ¼ jn1ik0=2 is an imaginary. At Bragg

wavelength c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 � jj j2

q
; the lasing condition is

g�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 � jj j2

q
gþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 � jj j2

q ¼ exp½�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 � jj j2

q
l�: ð4:9Þ

This equation has real solutions, indicating DFB-LD with gain grating can work
at Bragg wavelength with the lowest threshold. The fabrication technologies of
index and gain gratings will be introduced in Sect. 4.1.2.

(3) Phase-shifted DFB Laser

The situation of working in two longitudinal modes at sides of stop band of the
index coupled DFB LD is not welcome. The competition between the two modes
will result in high mode partition noises. Even if one of them works dominantly
over the other due to some asymmetric factors in fabrication or in working con-
ditions, the production yield for a certain wavelength will be reduced to half
averagely.

The qualitative explanation of stop band above implies that if a proper phase
shift is made inside the grating, as depicted by the dashed line in Fig. 4.2, to get a

Fig. 4.2 Qualitative explanation of stop band
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positive product of intensity reflections, lasing at Bragg wavelength can be realized.
It was just the trigger of developing the phase-shift DFB, i.e. making an index
coupled grating with a p/2 phase-shift inside, as shown in Fig. 4.3 schematically,
where the gray line is for the grating without phase shift for comparison.

The characteristics of phase-shifted index coupled grating are analyzed as fol-
lows. The left and right sections are uniform gratings with different starting phases.
Similar to (4.1), their index distributions are written as

nðzÞ ¼ n0 þ n1 cosð2bBz� uÞ � � � � � � ½0� z\l2�
nðzÞ ¼ n0 þ n1 cosð2bBzþuÞ � � � � � � ½�l1\z� 0�: ð4:10Þ

The optical fields are expressed as

E1ðrÞ ¼ Fðx; yÞ½AðzÞejbBz þBðzÞe�jbBz�
E2ðrÞ ¼ Fðx; yÞ½CðzÞejbBz þDðzÞe�jbBz�: ð4:11Þ

Similar to the deduction of (4.3), two groups of coupled mode equations are
obtained:

A0 � ðgþ jdÞA� jje�juB ¼ 0

B0 þ ðgþ jdÞBþ jjejuA ¼ 0;
ð4:12aÞ

C0 � ðgþ jdÞC � jjejuD ¼ 0

D0 þ ðgþ jdÞDþ jje�juC ¼ 0:
ð4:12bÞ

Their solutions are written in forms of

AðzÞ ¼ a1ecz þ a2e�cz CðzÞ ¼ c1ecz þ c2e�cz

BðzÞ ¼ b1ecz þ b2e�cz; DðzÞ ¼ d1ecz þ d2e�cz ;

with coefficient relations of

ðc� gÞa1 ¼ jje�jub1 ðc� gÞc1 ¼ jjejud1
ðcþ gÞa2 ¼ �jje�jub2; ðcþ gÞc2 ¼ �jjejud2

Fig. 4.3 Model of phase-shifted grating
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For an ideal DFB laser with cleaved facets anti-reflection coated, the boundary
conditions are a1e�cl1 þ a2ecl1 ¼ 0; d1ecl2 þ d2e�cl2 ¼ 0; c1 þ c2 ¼ a1 þ a2,
and d1 þ d2 ¼ b1 þ b2, where the optical fields are continuous at the point of phase
shift, z = 0. The eigen value equation is deduced to be [9, 10]

q2e2cl þ q½e2cl1 þ e2cl2 þð1� e2cl1Þð1� e2cl2Þe�j2u� þ 1 ¼ 0; ð4:13Þ

where q ¼ ðc� g� jdÞ=ðcþ gþ jdÞ. The equation determines the threshold con-
dition of DFB for different phase shift at different position in the grating. As
qualitatively discussed above, the optimum value of phase shift is 2u = p, corre-
sponding to groove’s displacement of K/2 = KkB/4. For simplicity, l1 = l2 = l/2 is
assumed; (4.13) is then reduced to

ecl ¼ 1þ ffiffiffi
q

pffiffiffi
q

p � q
¼ gþ jdþ jþ c

gþ jdþ j� c
: ð4:14Þ

At Bragg wavelength, d ¼ 0; c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
, the threshold condition is

obtained:

expð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
lÞ ¼ gþ jþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
gþ j�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p : ð4:15Þ

The equation has real solutions, indicating that the DFB laser with phase shift
index grating can work at Bragg wavelength. The threshold gain and mode posi-
tions are obtained as functions of j and l. As a qualitative discussion, a weak
grating is considered, j 	 g,c � g + jd, and exp½ðgþ jdÞl� � 2ðgþ jdþ jÞ=j; the
threshold conditions of gain and phase are obtained approximately as:

dml � tan�1ðdm=gmÞþ 2mp; ð4:16aÞ

j2 expð2gmlÞ � 4ðg2m þ d2mÞ: ð4:16bÞ

It is seen that m = 0 and d = 0 satisfy (4.16a); the threshold gain at Bragg
wavelength is determined by equation j expðg0lÞ � 2g0; whereas the thresholds of
m
 1 side modes are much higher than that of the 0th order mode.

In case the phase shift deviates from the ideal value with u = p/2 + x, the lasing
wavelength will move away from Bragg wavelength. For l1 = l2 = l/2, Eq. (4.13) is
reduced to

ejx ¼ ffiffiffi
q

p ðecl � 1Þ=ðqecl þ 1Þ: ð4:17Þ

It is deduced that for x << p/2 the lasing wavelength is moved to position of
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dL ¼ j2 g2 þ j2ð Þ
g2ðg� jþ j2lÞ x �

j2

g
x: ð4:18Þ

The last approximation is for the case of j << g. The threshold gain changes a
little also from that for u = p/2.

For the case with finite reflections of cleaved facets, the eigen equation is
deduced as [10]:

j2ĉ2ð1� e2cl1Þþ jjĉðĉ2 þ j2e2cl1Þr̂1
ðj2 þ ĉ2e2cl1Þþ jjĉð1� e2cl1Þr̂1 � j

2ĉ2ð1� e2cl2Þþ jjĉðĉ2 þ j2e2cl2Þr̂2
ðj2 þ ĉ2e2cl2Þþ jjĉð1� e2cl2Þr̂2

¼ �j2ĉ2ej2u;

ð4:19Þ

where ĉ ¼ gþ jd� c; r̂1;2 ¼ r1;2 exp½jð2bBl1;2 � uÞ� with field reflection of r1,2.
It is noticed that the position of facets respect to grating period should also be taken
into account. Simulation results of (4.19) can be read in Ref. [10].

4.1.2 Characteristics of DFB Lasers

(1) Field Distribution in Cavity and Rate Equations of DFB Laser

The threshold current and L-I characteristics depend mainly on gain coefficient,
grating coupling coefficient, and spontaneous emission lifetime of carriers. The
distribution of photon density in cavity of DFB laser is different from that of F-P
LD, because they have different feedback ways. By using CME, optical field dis-
tribution for a uniform grating without phase shift is deduced as [5]:

AðzÞ ¼ ffiffiffiffi
I0

p
sinh½cðzþ l=2Þ�= sinhðclÞ

BðzÞ ¼ � ffiffiffiffi
I0

p
sinh½cðz� l=2Þ�= sinhðclÞ: ð4:20Þ

The beam intensities in �z directions have symmetric distributions; their sum is

Iþ ðzÞþ I�ðzÞ ¼ I0
cosðcilÞ cosð2cizÞ � coshðcrlÞ coshð2crzÞ

2½cos2ðcilÞ � cosh2ðcrlÞ�
; ð4:21Þ

where cr þ jci ¼ c. The total optical energy is obtained by integration:

P ¼ I0
c�1
r sinhðcrlÞ coshðcrlÞ � c�1

i sinðcilÞ cosðcilÞ
sinh2ðcrlÞþ sin2ðcilÞ

¼ I0=½j sinhðcrlÞ sinðcilÞ� ¼ I0=gth:

ð4:22Þ
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The last expression comes from relations of c ¼ jj sinhðclÞ and
gþ jd ¼ jj coshðclÞ. The total output from the two facets is I = I+ (l/2) + I−(−l/2) =
2I0. The photon lifetime is defined as the ratio of cavity energy to lost power:

sP ¼ P
vgðIþ acPÞ ¼

1
vgðgI þ acÞ ; ð4:23Þ

where gI ¼ 2gth denotes the intensity threshold gain, ac is the loss coefficient of
cavity.

The DFB laser with a phase shift grating can be analyzed similarly. For sim-
plicity, we consider a grating with k/4 phase shift at middle point, and the laser
works at Bragg wavelength. Obviously, a symmetric distribution is expected.
Referring to the above results, the field distribution in region (−l/2, 0) is deduced as

A ¼ a1½ecz � e�cðzþ lÞ�
B ¼ a1½ecz þ cþ g

c� g
e�cðzþ lÞ� cþ j� g

gþ jþ c
;

ð4:24Þ

where c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ j2

p
is a real. The optical intensity distributions of �z direction

propagations are obtained as

I1þ ¼ I0ðj=8gc2Þ½ðgþ jþ cÞ2e2cz þðgþ j� cÞ2e�2cz � 4gj�
I1� ¼ I0ðj=8gc2Þ½ðcþ j� gÞ2e2cz þðcþ g� jÞ2e�2cz þ 4gj�;

ð4:25Þ

where I0 is the output from end of z = −l/2. Their sum is

I1ðzÞ ¼ I0ðj=gcÞ½c coshð2czÞþ j sinhð2czÞ�: ð4:26Þ

The optical energy (proportional to the total number of photons) in the region is
obtained by integration:

P1 ¼ jI0
4gc2

½ðc� jÞecl � ðcþ jÞe�cl þ 2j� ¼ I0
2gth

: ð4:27Þ

The last expression comes from the threshold condition. The photon lifetime is
expressed by the same formula as (4.23), which is coincident with that given in
Chap. 2. The external quantum efficient is also the same as that for F-P LD:
gd ¼ gI=ðac þ gIÞ. The difference is that the threshold gain is given by a transcend
equation, Eq. (4.15), not an analytic expression for F-P LD. The asymmetric DFB
laser with l1 6¼ l2 can be analyzed by the same method. The characteristics are
similar to that of F-P LD with different reflectivity on its two facets.

The rate equation written with the deduced photon lifetime has the same forms
as that of F-P cavity LD:
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dN
dt

¼ J
ed

� N
ssp

� vgCgNðN � NtrÞp; ð4:28aÞ

dp
dt

¼ vgCgNðN � NtrÞp� p
sp

þ cspN

ssp
: ð4:28bÞ

The output power and slope efficient are then obtained by solving the rate
equation. The threshold current, L-I characteristics, transverse mode, polarization
performance, and temperature dependence of threshold of DFB-LD are with
behaviors similar to those of F-P cavity LD, so long as the reflection of cavity
mirror is replaced by the coupling coefficient of grating jl. The DFB laser is now
commercially available; the detailed specifications can be found in their data sheets.

(2) High Stability of Longitudinal Mode

As described by (4.8b) and (4.16b), the threshold of higher order mode increases
with mode number m2. Therefore the side mode suppression ratio (SMSR) of DFB
laser is much higher than the ordinary F-P cavity laser. Even working at high
frequency modulation, the side modes will be suppressed to low levels. It is the
most important advantage of DFB-LD for applications of high speed optical fiber
communications, because multiple longitudinal modes cause optical pulse broad-
ening due to fiber dispersion, which is the main limitation to the speed and distance
of communication systems. The market of optical communications is the primary
push to DFB LD development and its industry.

The high SMSR brings about other advantages, e.g. a better thermal stability and
a wider continuous tuning range than the ordinary F-P LD. The temperature
dependence of longitudinal modes is determined by temperature coefficient of index
and thermal expansion coefficient of material. The modes of F-P LD and DFB LD
are given by kFP ¼ 2nl=m and kB ¼ 2nK, respectively. They have similar tem-
perature dependences in a certain linear range:

@kFP
@T

¼ 1
n
@n
@T

þ 1
l
@l
@T

� �
kFP; ð4:29aÞ

@kB
@T

¼ 1
n
@n
@T

þ 1
K
@K
@T

� �
kB: ð4:29bÞ

The lasing wavelengths both of DFB and F-P LD are red-shifted with temperature
increase. However, the DFB mode has continuous tuning range with temperature
much wider than F-P LD made of the same material system. The red-shift tuning is
attributed to the temperature dependence of refractive index. On the other hand, the
peak of gain spectrum is also red-shifted due to the band-gap shrinking. For the F-P
LD, the threshold of a certain longitudinal mode is increasing with temperature; and
then the next adjacent mode tends to lase. Such a mode hopping is suppressed for
DFB LD, giving much wider continuous tuning range, as shown in Fig. 4.4.
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Similar to F-P LD, the mode of DFB LD varies also with the injected current
based on two factors: one is junction temperature variation due to Joule heating; the
other is variation of index with carrier concentration. It is noticed that the grating
for index coupled DFB is located in the waveguide layer instead of in active layer;
the influence of carrier concentration on the waveguide index will be weaker than
the case of F-P LD. The current tuning rate is mainly determined by its thermal
effect rather than the dependence of index on carrier concentration. However the
measured data of current tuning rate were somewhat divergent [11], that is probably
due to other factors, such as the lateral structure and difference of fabrication
processing.

The wavelength of laser emitter should coincide with channel standards in
applications of DWDM communications, and in some other applications, such as
optical sensors. The DFB laser may be fabricated by incorporated with a micro
heating resistor to be used for precisely tuning.

(3) Linewidth and Noises

In principle, mechanisms of DFB laser phase noise are the same as F-P LD. Its
linewidth is expressed as the product of Schawlow-Townse linewidth and linewidth
enhancement factor of semiconductor laser, as given in Sect. 3.2:

Dm ¼ v2ghmcspgam
8pP0

ð1þ a2Þ; ð4:30Þ

where g ¼ ac þ 2gth ¼ acþ am; gth is the net threshold gain of optical field, given
by (4.16b). Experimental measurements show that DFB LD linewidth is usually in
the order of MHz, much narrower than that of F-P LD [11]. It is because the lasing
wavelength is locked at the Bragg wavelength with much higher stability. The noise
due to fluctuation of injected current is much weak for DFB LD because the

Fig. 4.4 Temperature
dependence of lasing
wavelength
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fluctuation of carrier concentration is quite weak in waveguide region where the
grating is located.

The experimental measurements demonstrated that the characteristics of inten-
sity noise and frequency noise of DFB are also superior to F-P LD, based on the
mechanism of lasing frequency locking [12]. Besides, frequency chirping with
current modulation, which is one of the concerned specifications in optical com-
munications, is weaker in DFB LD than in F-P LD. However, at code rates higher
than 2.5 Gbit/s, the chirping of DFB LD may be usually beyond the requirement of
communications. External modulation schemes should be adopted then, such as by
using LiNbO3 optical waveguide modulator, or by monolithically integrating
DFB LD with an electro-absorption modulator (EAM).

(4) Effects of Photon Density Distribution and Spatial Hole-Burning

The phase shift grating makes DFB laser with perfect wavelength locking.
However a negative aspect has to be noticed, that is, the spatial hole-burning of gain
coefficient in cavity due to high accumulation of photons near the phase shift point
[13–15]. Formulas (4.20) and (4.26) describe the photon density distributions inside
the cavity for gratings without and with phase shift, respectively. At Bragg
wavelength, formula (4.26) is reduced to

I1ðzÞ ¼ ðI0j=gÞ expð�2j zj jÞ: ð4:31Þ

Figure 4.5 gives the photon density distributions for gratings with and without
phase shift schematically.

Such a feature can be explained qualitatively as follows. In the DFB LD with
phase shifted grating, the right region can be regarded as a high reflective mirror to
the left region, whereas its left facet is with no mirror or with very low reflection,

Fig. 4.5 Photon distributions inside cavity
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resulting in a highly non-uniform distribution of photon density, as discussed in
Chap. 2. The same distribution with opposite direction is formed in the right region.
It is meant that the photon density near the phase shift point is much higher than the
regions near the cleaved facets. Thus the stimulated recombination rate and the
depletion rate of inversed population are much higher there, leading to a
non-uniform spatial distribution of gain coefficient, i.e. the spatial hole-burning. It is
seen from (4.26) that the ratio of intensities at the middle point to that at the end
points is I1ð0Þ=I1ð�l=2Þ ¼ j=gth. Therefore, the hole-burning is stronger in lasers
with higher grating coupling coefficient j and lower threshold gain gth.

The highly non-uniform distribution of photon density and carrier concentration
causes also a non-uniform temperature distribution. The coupled mode equations and
rate equations have to bemodified for the non-uniformities. The carrier concentration,
photon density and gain coefficient are now functions of position z. Formulas of
photon lifetime and linewidth should be modified also. The waveguide index is with a
spatial distribution, and the uniform grating becomes a chirped grating. The index
spreading will cause line broadening. The phase shift may deviate from p/2 since it is
related to the index there. The lasing wavelength will thus shift from the Bragg
wavelength, as shown in formula (4.18). Moreover, these parameters will vary with
laser’s working point; lasing wavelength will vary with the pump current in a certain
degree. Detailed analysis and discussions can be found in literature.

A longer photon lifetime is the necessary condition for narrow linewidth. It is
seen from (4.23) that the photon lifetime of DFB-LD increases with decreasing of
threshold gain gth; whereas higher grating coupling coefficient and larger grating
length are the main factors for a lower threshold. However, a larger jl will lead to a
stronger hole burning, and also to lower output efficiency. In case of strong cou-
pling grating with j � g, the threshold condition for DFB without phase shift is
approximately expressed as gth � p2=jl3 [2, 10]; whereas it is gth � 2je�jl for
DFB with p phase shift. A comprehensive survey and careful trade-off between
linewidth and output power is therefore necessary in laser design.

In order to avoid or mitigate the effect of hole-burning, several technical schemes
have been proposed and developed, such as with multiple phase shift point, with
special distributions of index modulation depth, with special changes of stripe
width, and with chirped grating [16, 17]. This book will not go further in details.
Another important performance is the transient characteristics of DFB laser,
especially the modulation frequency response, the dynamic range for high power
output. Quite many papers were published for those subjects [11, 12].

4.1.3 Structures and Fabrication of DFB Laser

Fabrication of DFB lasers is based on the conventional two-step epitaxial tech-
nologies of the material growth. The most widely used and most mature methods
include the metal organic chemical vapor deposition (MOCVD) and the molecular
beam epitaxy (MBE). In the first step, N-type confinement layer, N-type waveguide
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layer, quantum well active layer and part of P-type waveguide are grown succes-
sively on an N-type substrate. Then the surface is corrugated periodically as a
grating. In the second epitaxial growth, P-type waveguide layer with composition a
little different from the top layer, P-type confinement layer and the cap layer for
Ohmic contact are grown successively on the corrugated surface, as shown in
Fig. 4.1. The corrugated interface between different composition materials induces
an effective index perturbation, playing a role of index grating. An alternative
structure is with grating made inside N-type waveguide layer. Apart from the above
typical structure, the grating can be made on the two side of laser stripe, as shown in
Fig. 4.6a [18]. Two-step epitaxial growth is avoided in this configuration, so that
beneficial to the quality of active layer, but with weak coupling strength of grating.
Quite many technical progresses are developed for different material systems, such
as InGaAsP/InP and AlGaAs/GaAs for different lasing wavelengths, and for dif-
ferent growth machines. Detailed technology and processing can be found in
journals and monographs.

The fabrication of grating is one of the most important technologies for DFB
lasers. Two approaches are usually adopted. One is the holographic photolithog-
raphy, in which a high quality laser beam is divided into two beams with a proper
angle to form an interference pattern, which is then transferred to the photoresist
coated on the surface of material. The other uses a phase mask with fixed patterns.
The k/4 phase shift can be designed and drawn into the mask. The phase mask
method has advantages of higher reproducibility and higher yield; but requires a
high precision printer. After the exposure and development, the pattern should be
transferred to material surface by wet etching or by dry etching. Reactive ion
etching (RIE) is a widely used dry etching method. The coupling coefficient of
grating is affected by the channel profile, such as the ratio of its depth to width;
careful design and experiments are needed for processing optimization.

The second order diffraction of grating may be utilized for shorter wavelength
DFB lasers to lower the fabrication difficulty of narrow period grating, that is, the
required Bragg wavelength corresponds to the second order Fourier expansion of
the gating with kB = nK. The detailed theory and experimental research can be
found in literature [19].

Bragg wavelength is determined by the grating period and the index of material.
This property may be used to induce a phase shift in a grating with uniform period.
Figure 4.6b shows such a design, where the stripe width of middle section is made

Fig. 4.6 a DFB-LD with lateral gratings. b Phase shift induced by change of stripe width. c Gain
coupled grating
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wider than two other sections, w2 > w1, resulting in a difference of effective index,
as analyzed in Sect. 2.3 for the ridge waveguide stripe LD. When the length and
width of middle section satisfy (n2–n1)dl = k/4, the section will play a role of k/4
phase shift [16, 20].

The fabrication technology of gain coupled grating is somewhat more compli-
cated than that of the index grating. A typical structure is shown in Fig. 4.6c [21], in
which the active layer is grown on a corrugated surface of waveguide layer, making
the thickness of active layer changed periodically. The injected carrier concentra-
tion will thus be changed periodically in cavity length, resulting in a gain modu-
lation. The DFB-LD with gain coupled grating has excellent mode characteristics,
but with higher fabrication difficulty and production cost. The mass produced and
widely used laser is still the DFB-LD with phase shifted index grating now.

Other procedures of device processing of DFB-LD are basically the same as that
of F-P LD, including fabrication of stripes, typically the ridge waveguide, and
Ohmic contact, etc. The cleaved facets of DFB LD are coated anti-reflective to
avoid disturbance of facet reflection to the action of grating. In practice a certain
residual reflection is inevitable. Its influence on the longitudinal mode has been
studied in detail [10, 17].

4.2 Distributed Bragg Reflector Semiconductor Laser

4.2.1 Structures and Principle of DBR Laser

In the structure of DFB laser the grating is fabricated parallel to the active layer, the
distributed feedback and optical gain are tightly and directly integrated with each
other. Such a configuration lacks flexibility. It is often needed to control the
wavelength and output power separately, or to optimize and modify one of the
performances, whereas leave the other unchanged. The distributed Bragg reflector
(DBR) laser is then developed [22–24], in which the waveguide gratings are fab-
ricated at the ends of active region. Two typical structures are depicted in Fig. 4.7.
Figure (a) is with two gratings fabricated at both ends of active region; Fig. (b) is
with grating at one of the ends and with a cleave facet at the other end.

Fig. 4.7 Structure of DBR laser, a with gratings at both ends; b with grating at one end
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Four currents of If, Ir, IA and Iph can be applied into the four regions with electric
isolated electrodes. Since the Bragg wavelength is dependent on waveguide index,
it can be tuned by the injected current, while the gain of active region is adjusted by
a separate current, making the two parameters controlled separately. A region
without grating is usually inserted for phase-controlling, which provides an
adjustable phase by the injected current, or by a reversed bias to deplete carrier
concentration, playing a role of tuning the wavelength precisely, or/and a role of
expanding tunable range without mode hopping [25, 26].

Topologically, DBR LD is the same as F-P LD. The difference is that narrow
linewidth reflectors are used as cavity mirror instead of broad band reflection
mirrors, so that much higher SMSR is ensured. The technologies of DBR laser
fabrication, including the material growth and device structure processing, are
basically similar to that of DFB laser. Detailed techniques can be read in mono-
graphs and journals.

4.2.2 Reflection Spectrum of Passive Waveguide Grating

The grating used in DBR lasers is a passive waveguide grating. Its characteristics
obey Bragg diffraction of a one-dimensional lattice, and can be analyzed by the
coupled mode equations (CME), as used in fiber Bragg gratings. The index dis-
tribution is written by the same expression as (4.1), but both of indexes, n0 and n1,
are real now. The coupled mode equations and the solutions are written as

A0 � jdA� jjB ¼ 0

B0 þ jdBþ jjA ¼ 0
: ð4:32Þ

A ¼ a1erz þ a2e�rz

B ¼ b1erz þ b2e�rz : ð4:33Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � d2

p
is denoted. Relations between the coefficients are obtained

from the equations as jjb1 ¼ ðr� jdÞa1 and �jjb2 ¼ ðrþ jdÞa2. For an incident
wave propagating in +z direction, the boundary conditions are a1 þ a2 ¼ 1 at z ¼ 0
and b1erl þ b2e�rl ¼ 0 at the end of z ¼ l. The field reflectance is r ¼ b1 þ b2, and
its transmission is t ¼ ða1erl þ a2e�rlÞejbBl. The axial distributions of forward and
backward propagating fields are reduced to [27]:

A ¼ Að0Þ r cosh rðl�zÞ�jd sinh rðl�zÞ
r cosh rl�jd sinh rl e�jdz ðd2 � j2;

B ¼ Að0Þ �jj sinh rðl�zÞ
r cosh rl�jd sinh rl e

jdz r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � d2

p
Þ
; ð4:34aÞ
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A ¼ Að0Þ s cos sðl�zÞ�jd sin sðl�zÞ
s cos sl�jd sin sl e�jdz ðd2 
 j2;

B ¼ Að0Þ �jj sin sðl�zÞ
s cos sl�jd sin sl e

jdz s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � j2

p
Þ
: ð4:34bÞ

The reflectance and transmission of field and power are obtained as:

r ¼ E�ð0Þ
Eþ ð0Þ ¼ �jj sinh rl

r cosh rl�jd sinh rl ðd2 � j2Þ
¼ �jj sin sl

s cos sl�jd sin sl ðd2 
 j2Þ ; ð4:35aÞ

t ¼ Eþ ðlÞ
Eþ ð0Þ ¼ rejbBl

r cosh rl�jd sinh rl ðd2 � j2Þ
¼ sejbBl

s cos sl�jd sin sl ðd2 
 j2Þ : ð4:35bÞ

R ¼ rj j2¼ j2 sinh2 rl
j2 cosh2 rl�d2

ðd2 
 j2Þ
¼ j2 sin2 sl

d2�j2 cos2 sl
ðd2 � j2Þ ; ð4:36aÞ

T ¼ tj j2¼ j2�d2

j2 cosh2 rL�d2
ðd2 � j2Þ

¼ d2�j2

d2�j2 cos2 sl
ðd2 
 j2Þ : ð4:36bÞ

It is seen that T = 1–R for the lossless grating, the reflection peak is at d = 0, i.e.
at Bragg wavelength of kB = 2nK, and the peak power reflectance is

Rp ¼ tanh2 jl: ð4:37Þ

A series side bands exist centered at tan sl ¼ sl. Their peak reflectance declines
as Lorentzian function Rm ¼ j2l2=ð1þ d2ml

2Þ. The left and right zero points of main
lobe are located at d�1 ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ p2=l2

p
. The bandwidth at half maximum of the

main lobe is determined by equation of jl sinc(s1=2l) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rp=ð2� RpÞ

p
, decreasing

with increase of grating length. The properly designed waveguide grating is a
narrow bandwidth filter. Figure 4.8 a shows a calculated reflection spectrum.

Fig. 4.8 a A typical reflection spectrum of uniform grating. b Reflection spectrum of a chirped
grating
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The field reflectance (4.35a) can be written as r ¼ rj j expðj/gÞ, with a phase
factor of

/g ¼ tan�1½�r
d cothðrlÞ� ðr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � d2

p
Þ

¼ tan�1½�s
d cotðslÞ� ðs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � j2

p
Þ:

ð4:38Þ

At the peak, d ¼ 0, it is �p=2, coincident with the analysis of stop band in DFB
laser. When the waveguide grating is used in lasers, it is necessary to take its phase
factor into account.

Based on the plain Bragg grating, gratings with sub-structures are developed,
such as chirped gratings and sampled gratings. The period of chirped grating is not
uniform, but varied with the axial position; mostly in a linear relation: K ¼ K0 þ qz.
The spectral range of Bragg wavelength is thus broadened to DkB ¼ 2nqL.
Figure 4.8 b shows a calculated reflection spectrum for a chirped grating with
length of 10 mm and chirping rate q = 0.0001 lm/mm, as an example. Since the
reflection occurs at different positions, the chirped grating has a group delay des-
ignable for particular applications: sGD ¼ ðk� k0Þ=qc with k0 ¼ 2nK0. The
chirped grating is fabricated usually by using a designed mask in process of pho-
tolithography and with other precise technologies incorporated.

4.2.3 Characteristics of DBR Lasers

(1) Threshold Conditions

The threshold condition of DBR laser takes the same form as that of F-P cavity
laser:

r1r2j j exp½j2nrklg þ gnetlg þ j2/þ jð/g1 þ/g2Þ� ¼ 1; ð4:39Þ

where gnet ¼ g� ac, lg is the length of gain section, / is the phase factor induced
by phase controlling section; r1 and r2 are the reflectance of the two end gratings,
and the cleaved facets are assumed fully anti-reflective coated. The peak wave-
lengths of r1 and r2 may be coincident with each other, or with a certain deviation.
In the latter case the lasing wavelength is determined by their composite spectrum.
For structure of Fig. 4.7 b, one of them is a broadband reflector. The phase con-
dition of threshold is related not only to the propagation phase in the cavity length,
but also to the composite phase of gratings; the phase controlling section is used to
adjust the working point of DBR laser for optimization of performance.

Similar to the F-P cavity laser, the distribution of photon density in cavity can be
described by a hyperbolic function: P / coshðgnetzÞ. Its uniformity is much better
than that of DFB laser, and the spatial hole-burning effect is much weaker, which is
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beneficial to higher power output, higher side mode suppression ratio (SMSR) and
narrower linewidth than DFB lasers.

(2) Superstructure Waveguide Grating

One of the attractive advantages of DBR laser is its agile and broadband tun-
ability. By adjusting the current injected in the grating section, the Bragg wave-
length kB = 2nK can be changed due to the effect of index on the carrier
concentration and temperature. A long uniform grating is helpful for a narrow
linewidth laser with high SMSR, but its tuning range is often not large enough. The
tuning range of InGaAsP laser working at 1500 nm band is roughly within 15 nm,
limited by the thermo-optic coefficient of semiconductor.

In order to expand the tuning range, DBR lasers with sampled gratings were
developed [28–31]. The sampled grating is composed of multiple sections of uni-
form grating, as shown in Fig. 4.9(a). Because of the interferences between waves
reflected from multiple grating sections, the reflection of sampled grating displays a
comb-like spectrum with multiple peaks. Figure 4.9(b) shows a calculated
spectrum.

The sampled grating is a rectangular function chopped uniform grating, with
repetition period of p and width of pg. Its index distribution can be described by a
Fourier series:

DnðzÞ ¼ n1g½cos 2pzK þ
X
m

sinðpmgÞ
pmg

ðcos 2pz
Km�

þ cos
2pz
Kmþ

Þ�; ð4:40Þ

where g ¼ pg=p is termed the sampling rate, and Km� ¼ K=ð1� mK=pÞ �
Kð1� mK=pÞ. The sampled grating can be regarded as a composite grating com-
posed of a series of gratings with different periods of Km�, which generates a series
of peak wavelengths with interval of:

Dk ¼ 2nK2=p ¼ k20=ð2npÞ; ð4:41Þ

Fig. 4.9 a Structure of sampled grating. b Its calculated reflection spectrum
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which is inversely proportional to period p. The index modulation amplitudes of the
multiple peaks in (4.40) has an envelope of sinc function: sinðpmgÞ=ðpmgÞ. The
spectral width of its main lobe mgj j � 1ð Þ is Dkenv ¼ k20=ðnpgÞ; the number of peaks
within the main lobe is M ¼ 2p=pg. A lower sampling rate is thus needed to get
more reflection peaks within the main lobe; and a larger whole grating length is also
preferred to get a narrower linewidth of peaks. Similarly, the multiple reflection
peaks can be tuned by injected current and temperature.

The uniformity of reflection peak amplitudes in the envelope is one of the
requirements in practical applications. For the purpose a special sampled grating
has been developed, which is composed of multiple chirper gratings, as shown in
Fig. 4.10 [32]. The multiple reflection peaks distributes in the range between ka and
kb with uniform amplitudes and interval of k2/(2np). Such a grating is termed
superstructure grating (SSG). Reference [32] reported a SSG DBR laser with
chirping rate adjusted by applied current through the multiple electrodes.

For better performances, such as lower side lobes, careful designs are needed.
For example, the index modulation depth n1 may be modified at the grating ends
with a smoothed variation to replace interrupt changes between grating region and
blank region to reduce Fresnel reflection. Different sampling functions may also be
adopted. Such a technique is named the apodization. Phase shift can also be
introduced in sampled gratings [31]. Simulations have to be carried in designs by
using approximation method, such as the transfer matrix method (TMM) [27].

(3) Quasi-continuous Tuning

DBR LD with SSG has an advantage of wide tuning range, based on the prin-
ciple of vernier effect, i.e. two sampled gratings with different peak intervals are
used at the two ends of DBR laser, respectively. When two peaks from the two
sampled gratings are coincident with each other in spectrum, the composite peak
will be much higher than other peaks, and the laser will work at the coincident peak,
as shown in Fig. 4.11 [33, 34]. When one of the two gratings is tuned, the adjacent
peaks are coincident with each other, and the laser will work at that wavelength.
Such a tuning is not a continuous tuning of single longitudinal mode, but in a step
way with basically equal intervals. It is usually called a quasi-continuous tuning.

Fig. 4.10 Illustration of
superstructure grating
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According to (4.40) the spacing between peaks of sampled grating can be
designed by the sampling period p, and adjusted by the bias current. According to
the principle of vernier caliper, the number of tuned wavelength is
M � Dkf =dk�Dkr=dk, where Dkf and Dkr are the peak intervals of two sampled
grating, and dk = |Dkf − Dkr|. Therefore, the tunable wavelength number increases
with decreasing of dk [33]. The limitation is the linewidth of each reflection peak,
because dk as small as the linewidth is not applicable. It was reported in journals
that the whole tuning range can reach 100 nm. Such wide tuning range is useful in
multi-channel DWDM communication system and fiber sensor systems.

Other components with different functions can be integrated with DBR LD, such
as electro-absorption modulator (EAM) and semiconductor optical amplifier (SOA).
By using a pair of waveguide grating, high speed wavelength switching can be
realized based on their tunability [35]. The techniques of waveguide grating fab-
rication are developed continuously, such as surface Bragg grating and twin
waveguide [36]. As the development of material researches and fabrication tech-
niques, DBR lasers are now commercially available, and used widely in practical
applications.

4.3 Vertical Cavity Surface Emitting Laser

4.3.1 Principles of VCSEL

In the ordinary F-P cavity LD, DFB-LD and DBR-LD, the laser oscillation is
parallel to the P-N junction; so is the output beam direction. Such a configuration
makes full use of the gain in active region, and has advantages of high output power
and high energy efficiency. However, the shortcomings are obvious. First, the
output beam is highly divergent, and with an elliptical shape. Careful beam
reshaping has to be carried out for most applications, such as for fiber coupling, and
for beam collimating or focusing. Second, the cleaving of semiconductor crystal is
necessary in laser’s fabrication, which is a time-consuming process, hardly to be
replaced by automatic processing, especially in mass production. Therefore, to

Fig. 4.11 Large tuning range
by a pair of sampled gratings
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develop a laser with output emitting from the surface of semiconductor material had
been an attractive subject. Several schemes were tried. One of them is to make a 45°

mirror inside the material by dry-etching to deflect the laser beam by 90°. Another
method is to make a grating on the surface of material, by the second order
diffraction of grating the laser beam is deflected from horizontal direction to near
vertical. These structures are too complicated for production. Inspired by the
structure of light emitting diodes (LED), with lots of technical difficulties over-
come, the vertical cavity surface emitting laser (VCSEL) has been successfully
developed based on the principle of multi-layer dielectric thin film filters (TFF) and
technology of hetero-structure growth [37–39].

The success of VCSEL relies on maturations of high efficiency quantum well
active region and multi-layer hetero-structure reflector. Figure 4.12a, b depict two
basic structures of VCSEL with different output ways. The active region is usually a
high gain multiple quantum well (MQW), which is sandwiched by distributed
Bragg reflectors (DBR) as the laser cavity. The direction of laser oscillation is
perpendicular to the P-N junction and to the surface of material. Since the cleaved
facet is not necessary as cavity mirrors, the laser chips can be diced by conventional
sawing machine in semiconductor device fabrication, with much higher efficiency
of mass production. What’s more, the performance of every laser chip can be tested
before dicing, that is beneficial to enhance the quality and yield. The aperture of
laser chip is formed by mask design of photolithography, which is usually in
circular or square shape, making the output a circular beam instead of long elliptical
beam in edge emitting LD. The structure is also beneficial to make two dimensional
VCSEL array with high power output, and to integrate with other elements, such as
two dimensional (2D) high speed optical interconnection sources, and addressable
2D sources.

Pushed by various applications, research and development of VCSEL are speed
up quickly [40–42]. Its theory and technologies have been expounded in details in
many monographs and review articles [43–48].

Fig. 4.12 Structures of VCSEL with output from epitaxial layer (a) and from bottom of substrate
(b)
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4.3.2 Design and Fabrication of VCSEL

(1) Design and Fabrication of DBR

The laser oscillation is perpendicular to P-N junction in VCSEL, the length of
gain region is very short; therefore it is a critical task to meet the basic requirements
for lasing: the gain coefficient must be high enough, and the mirror reflectance must
be as high as near unity. Multiple layer dielectric film, i.e. the thin film filter (TFF),
is the widely used cavity mirror in various lasers. It is composed of layers with
lower index and higher index materials grown one over the other. When their index
and thickness satisfy condition of nHdH ¼ nLdL ¼ k=4, the reflectance of TFF is
expressed as [49]:

R ¼ n2HðnH=nLÞ2N � n0nsub
n2HðnH=nLÞ2N þ n0nsub

" #2

; ð4:42Þ

where subscripts H and L stand for the higher and lower index; n0 and nsub are the
indexes of external medium and substrate, respectively, N is the number of layer
pairs. It is indicated that the reflectance will be towards unity when the index ratio
and N are high enough. The quarter wavelength condition of the layer thickness is
also critical for a reflectance towards unity.

The ordinary TFF is fabricated by vacuum evaporation machines, and is made of
poly-crystals or amorphous materials. The method is not suitable for VCSEL, since
the active layer must be grown on one of the reflectors, which must be a
mono-crystal matching with the laser semiconductor. Therefore at least one of the
DBR must be fabricated by epitaxial growing machine, such as the metal organic
chemical vapor deposition (MOCVD) or the molecular beam epitaxy (MBE) . The
crystal constants of lower and higher index materials must be close enough to
compose heterostructures. For example, for VCSEL of 800 nm wavelength
AlxGa1-xAs/GaAs heterostructure is used; the index of AlxGa1-xAs decreases with
increasing of x in the range between nGaAs = 3.5 * 3.6 and nAlAs = 2.9 * 3.0 [39,
40]. When the layer number reaches N = 20 * 30, a TFF with reflectance over
99% can be obtained. The stack of AlGaAs/GaAs heterostructures was just used as
cavity mirrors in the earliest developed VCSEL.

For lasers in 1300 and 1550 nm wavelength range, the active material is
InGaAsP-based quaternary compound; ideal quantum well can be grown with the
material system. However the index ratio of InGaAsP with different compositions is
too small to make a high reflective TFF; in other words, the layer number needed is
too many to be a reality. In order to overcome this difficulty a different technology,
called wafer bonding or wafer fusion, has been developed, which relies on attractive
forces between molecules, i.e. van de Waals force. When two materials with dif-
ferent crystal constants are piled up with perfectly flat surfaces, and put in certain
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conditions of temperature and pressure for a certain period, they will be combined
into a whole. By such a way, one material with quantum well grown can be fused
with another material with TFF grown, though they do not have the same or near
crystal constant. Next, one of the two original substrates can be removed by
physical approaches and wet or dry chemical etching; and a planar laser diode is
fabricated at last [50, 51]. This method allows the TFF made of material totally
different from the quaternary crystal, and to optimize laser material and mirrors
separately. The most often used TFF, or called DBR, include Si/SiO2 films,
MgO/ZnSe films, etc. and even with highly reflective metal coatings. Based on such
advanced technologies VCSELs in various wavelength bands have been developed,
not only in 850 nm, 1300–1550 nm, and 980 nm bands, but also in visible bands,
blue and violet bands (GaN-based compound), and in mid-infrared bands [52–55].

(2) Design of Active Region Structure

As discussed in Chap. 2, the injected carriers can be confined in quantum wells
(QW) by the heterostructure barriers; the QW thickness is in the order of de Broglie
wavelength, so that the carrier concentration and the gain coefficient are greatly
increased. The QW and strained layer QW are the core of semiconductor lasers,
especially of the VCSEL. The design and growth of QW involve a series of theories
and special technologies, beyond the scope of this book. Interested readers can refer
related textbooks and monographs [40–42].

The threshold condition of VCSEL is the same as that of DBR LD, expressed as
rDBR1rDBR2 expðj2bLzÞ ¼ 1, where rDBR1 and rDBR2 are complex with a phase factor as
shown in (4.38). The threshold condition of gain and phase should be written as [5]:

2nrkLz þ/DBR1 þ/DBR2 ¼ 2mp; ð4:43Þ

Cg ¼ ac þ L�1
z lnð1= rDBR1rDBR2j jÞ; ð4:44Þ

where ac is the loss coefficient inside the cavity, including material absorption,
scattering at interfaces, and so on. ac is actually the loss averaged over the cavity
length. Similar to edge emitting LD, the contribution of active region to cavity gain
has to be integrated over cavity length with a weighting factor of photon density
distribution, that is, to multiply the confinement factor C. The difference from the
edge emitting LD is that it is necessary to take the overlap of gain and transverse
photon distribution in P-N junction plane into account. The confinement factor is
now the product of two factors: C ¼ Ck � C? [41]. The transverse confinement
factor C? is related to current distribution in the P-N plane and to the transverse
mode of VCSEL.

The longitudinal factor Ck depends on the position of active region respect to the
standing wave of optical field. Since the thickness of active layer cavity is extre-
mely short, usually only one period of standing wave exists in the cavity, i.e. the

4.3 Vertical Cavity Surface Emitting Laser 103



cavity length is in the order of half wavelength. Obviously, it is better to control the
peak of standing wave coincident with the active layer. Therefore two spacer layers
are designed at the two sides of MQW to adjust its position related to the standing
wave. Figure 4.13 is a schematic diagram of VCSEL material [38, 39, 56], showing
energy band structure and index distribution. These geometrical sizes are dependent
on the wavelength, index and their temperature relations; it is necessary to design
all the parameters carefully and to ensure them realized in fabrication processing.

(3) Arrangement of Current Injection and Aperture Design

Since the laser beam of VCSEL emits from the top surface in direction per-
pendicular to the P-N junction, the electrodes for current injection must be arranged
as a ring, leaving the central area as the aperture of laser beam output. On the other
hand, the TFFs (DBR) should be made of high resistive material to reduce their
optical losses. The pump current has to go through a curved path from all around to
the center and to bypass regions of TFF. Ingenious designs are needed for the
purpose, including the arrangement of conductive layers and isolative layers, and
the process of their fabrication.

Figure 4.14 shows typical designs of transverse structures. The structure of
Fig. 4.14a adopts ion implantation process to build an isolation region to confine the
area of current injection [51]. In the processing, high energy ions are implanted into
the material deeply, to generate impurities as recombination centers of carriers, so
that the resistance of material is greatly increased. The isolation region, such as
oxide, can also be formed by chemical vapor deposition (CVD), as shown in
Fig. 4.14b. Polymer is often used to bury the mesa with emitting element inside,
and to flatten the device surface, making electrode fabrication and wire bonding
easier. The performances of VCSEL are affected greatly by the transverse structure
designs and the adopted materials. Detailed analyses and technologies can be found
in literature, e.g. in Ref. [47].

The structure of Fig. 4.14c adopts highly doped materials (p+and n+regions) as
current channels, and oxide isolation layer to restrict the current injection area. Its
notable feature is that both of the positive and negative electrodes are arranged on

Fig. 4.13 Illustration of
material structure of VCSEL
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the same top surface. Such a structure has important advantages. It is a structure
suitable for addressable two dimensional integrated sources; and beneficial to
enhance modulation frequency response. The high resistive DBR, especially the
bottom one, is put out of current path in the structure, beneficial to reduce the series
resistance. It is important for VCSEL made of different materials, such as
InGaAsP QW with AlAs/GaAs DBR, GaN-based blue and violet VCSEL on silicon
substrate, and so on.

Lots of processing techniques of semiconductor device technology are used in
VCSEL fabrications, such as proton and ion implantation, selective oxidation,
two-step epitaxy, wafer bonding. Some physical effects are utilized, e.g., the tun-
neling effect is used to reduce the series resistance [57, 58].

The emitting area of VCSEL is usually larger than that of edge emitting LD.
However, the aperture size is limited by some reasons. One is the uniformity of
injected current density in the gain area. Since the current goes the way from all
around to the center, a concave distribution is inevitable. An annular beam may be
yielded if the aperture is too big [45]. Generally a smaller gain area is beneficial to
get an ideal Gaussian beam. A trade-off should be set between beam shape and
output power. Most VCSELs are used in fiber optical communications, an aperture
near the size of fiber core is preferable, which is about 9 lm in diameter.

(4) Polarization Control

Most applications require lasers with stable polarization and high degree of
polarization (DOP). The beam of edge emitting LD is strongly polarized by the
asymmetry of structure, whereas the VCSEL has no such a polarization-selectivity,
due to its usual round shape of emitting area. It is necessary to design a special
mechanism to ensure the output beam with high DOP, and to avoid random fluc-
tuations of polarization. One of the schemes is to use a rectangular shape emitting
area [59]. More widely used scheme is to make a surface planar grating on the top
[40, 60–63], as shown in Fig. 4.15a.

The period of grating is designed less than laser’s wavelength to eliminate the
unwanted diffraction, and to induce birefringence; that is, the normally incident TE

Fig. 4.14 Transverse structure of VCSEL: a Confinement by ion implantation; b Mesa buried by
polymer; c Structure of in-face electrodes
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mode beam with field parallel to the grating grooves experiences different reflection
from that of TM modes. The effective dielectric constants of the grating is
expressed as [60–63]:

eTE ¼ f e1 þð1� f Þe2; ð4:45aÞ

eTM ¼ e1e2=½f e2 þð1� f Þe1�; ð4:45bÞ

where e1 and e2 are electric constants of the top layer and the surround medium,
respectively; f is the ratio of grating width to its period.

Different effective dielectric constants generate different reflections and thus
different thresholds between TE and TM modes, giving good polarization selec-
tivity. It is indicated that the TE mode will be superior to TM mode for a careful
designed VCSEL. Figure 4.15b shows a measured polarization of a commercial
VCSEL in polar coordinator, where the detected signals of output intensity vs.
rotated angles are depicted for different working currents. The polarization
extinction ratio reaches 200:1, not worse than that of ordinary edge emitting LD.

(5) Structure of Tunable VCSEL

The tunability is one of the important specifications concerned widely in laser
applications. VCSELs can be tuned by variations of temperature and working
current, similar to the other semiconductor lasers. Besides, the technology of micro-
electro-mechanical system (MEMS) has been successfully used to build a wide
range tunable VCSEL [64, 65].

Figure 4.16 gives one of the typical structures schematically, where the upper
DBR is built on the center of a cross cantilever, separated from the active material;
and the latter is anti-reflective coated. The cantilever can be moved up-and-down by
static electric force with the applied voltage between the cantilever and the sub-
strate, and the cavity length is varied correspondingly. It is indicated by elasticity

Fig. 4.15 a Surface grating on top of polarized VCSEL. b Measured polarization extinction ratio
of a 850 nmVCSEL
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analysis that the displacement Dz of cantilever is dependent on the sizes and
Young’s modulus expressed as [64]:

Dz / l3

Ywt3
V2

ðz0 � zÞ2 ; ð4:46Þ

where l, w, and t are the length, width and thickness of cantilever, V is the applied
voltage, z0 is the original distance between the upper DBR and the active region.

4.3.3 Characteristics of VCSEL

VCSEL has many features different from the edge emitting LD. The following
characteristics are mostly concerned in its applications.

(1) Low Threshold and Low Energy Dissipation

One of the important advantages of VCSEL is its extremely low threshold. It is
because the active area of a fundamental transverse mode VCSEL is much smaller
than that of edge emitting LD; it is usually less than 100 lm2, whereas the latter is
in the order of 1000 lm2 for a narrow stripe geometry structure. On the other hand,
relying on the improvements of process, the loss is minimized and the DBR
reflectance near unity is realized. The threshold current density has been decreased
to as low as sub-milliampere. Quite many papers reported their researches on
ultra-low threshold VCSEL [46, 67–70]. Figure 4.17 gives measured L-I curve and
V-A curve of a typical 850 nm band AlGaAs VCSEL [67], showing its threshold
current as low as 0.14 mA.

The output power of VCSEL is usually quite low, compared with ordinary edge
emitting lasers. The power at 10 times threshold is less than 1 mW in Fig. 4.17. The

Fig. 4.16 Tunable VCSEL
with a cross cantilever
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reason is that the reflectance of mirror is very close to unity, resulting in a low
external differential efficiency [56]:

gd ¼ gi
lnð1=RDBRÞ

acLz þ lnð1=RDBRÞ � gi
1� RDBR

acLz þ 1� RDBR
: ð4:47Þ

Obviously the output power P ¼ gdVJðI � IthÞ is low since RDBR is towards
unity. However, such a power can already meet the requirement of many appli-
cations, especially the optical interconnection between computers, between data
processors, and in short distance access networks.

The thermal performance of VCSEL is one of the concerned characteristics.
The VCSEL with output beam emitting from substrate, as shown in Fig. 4.12b, can
be bonded on heatsink by the epitaxial surface, and therefore has better heat dis-
sipation condition. This configuration is adopted widely for high power VCSEL
and arrays. The other structure with output beam emitting from the epitaxial surface
may have higher thermal resistance. Fortunately, the thermal effect is mitigated by
its very low threshold. Besides, DBR itself has thermal behaviors different from the
cleaved facet in ordinary LD. Detailed investigations of VCSEL thermal charac-
teristics are given in papers and monographs [47, 71].

The low threshold of VCSEL is extremely important to applications of large
volume optical communication and interconnection. As the amount of data being
processed has been increasing explosively, the demand on equipment volumes in
data centers increases continuously. The power dissipation of active devices in the
equipment becomes one of the bottlenecks. The low threshold, low power dissi-
pation, the capability of large-scale two-dimensional integration, and possibility of
being integrated with CMOS (Complementary metal oxide semiconductor) drivers
are remarkable superiority of the VCSEL, attracting wide attentions of the infor-
mation technology (IT) industry [68–70]. To evaluate the performance of energy

Fig. 4.17 L-I curve and V-A
curve of a typical VCSEL.
Reproduced from [67] by
permission of the Institution
of Engineering & Technology
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dissipation of lasers, indexes of energy-to-data ratio (EDR) and heat-to-bit rate ratio
(HBR) are defined as

EDR ¼ IV=BR; ð4:48Þ

HBR ¼ ðIV � PÞ=BR; ð4:49Þ

where I and V are the working current and voltage, BR stands for the bit rate, P is
the output power; the unit of EDR and HBR is Joule per bit (J/bit). EDR and HBR
are required to be minimized. As examples, 850 nm VCSELs with threshold current
as low as 0.12 mA, output power over 0.5mW were reported in Ref. [69, 70]. The
energy-to-data ratio was lowered to less than 100 fJ/bit, where fJ = 10−15 J. The
laser was used to transport data with BR of 17 Gb/s over multimode fiber of 1 km in
experiments.

(2) High Side Mode Suppression Ratio

Another prominent advantage of VCSEL is its single longitudinal mode oper-
ation with extremely high SMSR due to its very short cavity length. Its mode
spacing Dk ¼ k2=ð2neffLzÞ can be estimated to reach hundreds nanometers, larger
than the gain spectrum width of active semiconductor, so that no side modes can
work, thus no mode partition and mode hopping occur. Especially, the single mode
operation maintains under high frequency modulations.

Although requirements of linewidth may not be high in many applications of
VCSEL, such as data transportations, but narrow line VCSEL are demanded in
some cases, such as for frequency swept optical coherent tomography (OCT) and
for physical researches of cooled atom [42, 61]. The linewidth is inversely pro-
portional to the square of photon lifetime, as indicated by formula (4.30). Although
the cavity length is very short, the reflectance of DBR is very high, resulting in a
great number of roundtrips, beneficial to enlarge the photon lifetime.
Reference [42] used a 1300 nm VCSEL in OCT technology; its coherent length
was measured larger than 10 cm, which corresponds to linewidth of 0.8 pm,
superior to ordinary edge emitting LD.

High power VCSELs with large aperture often work with multiple transverse
modes; and the broadened linewidth may be allowed in related applications.

(3) Tunability

Wide range tunable VCSELs are developed based on structures of Fig. 4.16.
Reference [42, 66] showed experimental results of 1300nm and 1550nm VCSELs,
with tunable range larger than 100 nm. The lasing wavelength of a 900 nm VCSEL
varied with the applied voltage was given by Ref. [64], showing a tunable range of
20 nm. Parabolic curves of tuning versus applied voltage were observed, coincident
with formula (4.44). It is worthy of noticing that the laser maintains the single mode
operation all the way; but as an external cavity laser the mode hopping may occur
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during the tuning. Such a wide tunable range is large beyond that of edge emitting
LD. It is necessary to note that the threshold and output efficiency are changed with
the applied voltage; one of the reasons is that the peak of standing wave in the
cavity may move with the voltage, making the effective gain changed.

(4) High Quality Beam

The output beam of VCSEL has ideal near field and far field patterns because of
its round aperture. The beam should obey Helmholtz equation in a cylindrical
coordinate. Generally the near field is described by Laguerre polynomials,
expressed as

Ll;mðrÞ ¼ er

l!rm
dl

drl
ðe�rrmþ lÞ:

When the aperture of VCSEL is small enough, the fundamental mode can be
obtained, with L0;mðrÞ ¼ 1. The beam will be an ideal Gaussian beam, expressed as

E ¼ E0
w0

wðzÞ exp
�r2

w2ðzÞ exp j½kzþ
kr2

2RðzÞ þCðzÞ�; ð4:50Þ

where wðzÞ ¼ ðw2
0 þ 4z2=k2w2

0Þ1=2 is the beam width with waist of w0 at its near

field, RðzÞ ¼ zð1þ z20=zÞ1=2 is the curvature radius of wave front in far field, with
Rayleigh range of z0 ¼ kw2

0=2; and CðzÞ ¼ tan�1 z=z0 is called Gouy phase shift. As
a comparison, the field of edge emitting laser has an elliptical beam, proportional to
exp½�ðx2=w2

x þ y2=w2
yÞ� with much different beam widths in x and y directions.

Reference [61] showed a measured far field pattern with an excellent funda-
mental transverse mode; the full width at half maximum (FWHM) divergent angle
of about 12° is read. No asymmetry is observed, that is very attractive to laser
applications, such as fiber coupling, collimating and focusing with lenses. Higher
order transverse modes may appear in high power VCSELs with large apertures.
The composed beam of multiple modes is usually affected by gain distribution in
the active region. Reference [72] reported a TEM00 mode VCSEL with beam
quality parameter M2 * 1.2. It worked at 980 nm with output power more than
1 W, very suitable to be used as a pump of erbium doped fiber amplifier (EDFA)
and laser (EDFL).

(5) Broadband Modulation Response

The modulation frequency response of VCSEL is higher than the edge emitting
LD because its structure, including electrode configuration, ensures very low
electrical capacity. On the other hand, its low working current is beneficial to high
frequency modulation. As stated in Chap. 2, the modulation response is charac-
terized by the 3 dB bandwidth f3dB � 1:55fosc, where fosc is the resonance frequency
of relaxation oscillation, which is basically proportional to

ffiffiffiffiffiffiffiffiffiffiffiffiffi
I � Ith

p
. An index,
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termed the modulation current efficiency factor (MCEF), is defined to measure the
modulation performance of lasers, expressed as [61, 73, 74]:

MCEF ¼ f3dBffiffiffiffiffiffiffiffiffiffiffiffiffi
I � Ith

p /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ginjCvggN

eVM

s
: ð4:51Þ

The last term of (4.51) is written by referring the result of rate equation analysis,
where ginj is the current injection efficiency; C is the confinement factor describing
the overlap degree between optical field and gain region; vg is the group velocity;
gN ¼ @g=@N is the differential gain coefficient; and VM is the mode volume.

A lot of papers reported their researches on the modulation response of VCSEL for
high speed optical interconnection applications [68–70, 75, 76]. Figure 4.18 displays
the measured frequency spectrum of modulation response of a 850 nm VCSEL, its
3 dB bandwidth is higher than 20 GHz, MCEF reaches 7.3 GHz/mA1/2 [73].

(6) Arrays and High Power Output

In applications of high power laser, VCSEL has its unique attractions. The
planar VCSEL arrays are suitable to side-pump the solid-state laser material,
whereas the edge emitting LD bars have to be packaged in stacks. Its round output
beam is suitable to match with usual optical components; and suitable to couple
with fibers used as pumps for fiber amplifiers and fiber lasers. Technological pro-
gresses were reported in papers [41, 77, 78]. As an example, Fig. 4.19 shows a
measured L-I curve, V-A curve, and electro-to-optic conversion efficiency of a
VCSEL array with aperture of 2.8  2.8 mm2 and with the output power up-to
58 W [41].

By using two dimensional addressable VCSEL arrays, optical interconnection
with ultra-high data speed up to 100 Gbps was realized [78], showing a good
prospect. VCSEL has been used in variety of applications, including high speed
optical communications, optical interconnections, optical fiber sensors, and optical
storage technology. It is also used as sources in opto-electronic integrated chips, as

Fig. 4.18 Measured
modulation frequency
spectrum of VCSEL.
Reproduced from [72] by
permission of the Institution
of Engineering & Technology
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pumps of fiber amplifiers, fiber lasers and solid state lasers. Modified VCSEL itself
can play a role of optical amplifier [79], similar to SOA. VCSEL has its unique
features and prospect also in the technology of cold atom frequency standard [80].
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Chapter 5
External Cavity Semiconductor Lasers

5.1 General Characteristics and Theory of External
Cavity Diode Lasers

It is known that the ordinary F-P cavity semiconductor laser works often in multiple
longitudinalmodes, because its gain spectrum is aswide as several nanometers and the
cavity mirror lacks wavelength selectivity. The spectrum of such lasers changes with
variation of temperature and injection current, and mode hopping occurs frequently.
Although the electro-optic conversion efficiency of semiconductor laser is much
higher than other lasers because of its higher gain coefficient and lower reflectance of
cavity mirror, this advantage brings about shortcomings of larger linewidth due to a
lower Q of cavity, and higher susceptibility to external optical feedback. Such char-
acteristics are not welcome in practical applications of single frequency lasers. It is
found that a proper stable feedback of laser output is helpful for mode selectivity and
linewidth reduction. Such a laser is called the external cavity diode laser or the
extended cavity diode laser (ECDL). Quite many types of ECDL have been devel-
oped, including the cavities composed of a simple planar mirror and of different mode
selective reflectors. Among them, the planar diffractive grating, the Bragg grating, and
Fabry-Perot cavity are mostly often used as frequency selective elements.

The theory and structures of ECDL and the effect of external optical feedback on
LD performances have been studied and expounded in many monographs and
papers [1–4]. This section introduces the general characteristics and theory of
ECDL, and explains its basic properties and physical mechanisms.

5.1.1 Basic Model of ECDL

A simplified model of ECDL is given in Fig. 5.1, where ri (i = 1, 2, ex) is the field
reflectance, L and l are the lengths of LD chip and extended section, respectively.
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The composite role of the external mirror (rex) and the right facet (r2) can be
described as an effective reflectance [5]:

reff ¼ r2 þ rexejxs

1þ r2rexejxs
¼ reffj jej/eff ; ð5:1aÞ

reffj j2 ¼ r22 þ r2ex þ 2r2rex cosxs
1þ r22r

2
ex þ 2r2rex cosxs

; ð5:1bÞ

tan/eff ¼
rexð1� r22Þ sinxs

r2ð1þ r2exÞþ rexð1þ r22Þ cosxs
: ð5:1cÞ

where s = 2 l/c is the roundtrip time delay in the extended section, which is
assumed with medium of the air. The amplitude of effective reflectance is spectrally
modulated for r2 6¼ 0. The effective phase shift is just equal to xs in case of r2 = 0.

The operation of ECDL must meet gain and phase conditions, the same as any
other lasers:

Cg ¼ ac þ L�1 lnð1=r1reffÞ; ð5:2Þ

2nLDkLþ/eff ¼ 2mp; ð5:3Þ

where k = 2p/k is the wavevector in vacuum, nLD is the index of LD chip. Usually
the extended cavity length l is much longer than LD chip length L, and the mode
spacing of ECDL is much narrower than that of the solitary LD. If the external
mirror is a broadband reflector without wavelength selectivity, the ECDL will
operate in multiple longitudinal modes, unless the internal longitudinal mode of LD
chip coincides with one of the external cavity modes, making the main mode
dominating over the other side modes.

Even if in such a multimode operation case, the external cavity will benefit
linewidth reduction because the photon lifetime in the cavity is extended. The laser
cavity is usually modeled as an F-P cavity; the linewidth of resonant peak is written
as dk ¼ Dk=F, where Dk ¼ k2=ð2ndÞ is the free spectral range with cavity length
of d, F ¼ p

ffiffiffi
R

p
=ð1� RÞ is the finesse of F-P cavity. The frequency width of passive

cavity is inversely proportional to the cavity length, dmc / dk / 1=d. From
Schawlow–Townes formula dm ¼ 2phmðdmcÞ2=P [7], the laser’s intrinsic linewidth
will decrease with the cavity length.

Fig. 5.1 Basic structure of
ECDL
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The contribution of external cavity can be specified with the relation of photon
lifetime with the propagation phase shift. If the external mirror rex has no frequency
selectivity, the photon lifetime is given as

sp ¼ @

@x
½/LD þ/eff � ¼

2ngL
c

þ uðv cosxsþwÞ
u2 sin2 xsþðvþw cosxsÞ2 s; ð5:4Þ

where u ¼ rexð1� r22Þ, v ¼ r2ð1þ r2exÞ, w ¼ rexð1þ r22Þ. For r2 ¼ 0,
sp ¼ 2ðngLþ lÞ=c. Therefore, the photon lifetime is basically proportional to the
cavity’s optical path, but modulated by a function related to parameters r2, rex, and
xs.

Another important feature of ECDL is the kinks of its output versus current (L–
I) curve, as shown in Fig. 5.2a. The phenomenon was reported experimentally and
studied theoretically earlier in Ref. [6]. The behavior can be understood by
investigating the lasing conditions (5.2) and (5.3). The index of LD chip is a
function of carrier concentration, temperature, and wavelength; the position of
longitudinal mode of ECDL is dependent on the three factors. If one of the LD
longitudinal modes is located between two external cavity modes, the laser may
work at the mth mode with a higher threshold, or at the (m + 1)th mode with a
lower threshold, as shown in Fig. 5.2b. The Joule heating of injected current
induces an additional effect on the behavior, making bistability possible. Mode
hopping will occur in such cases, and output power will jump up and down,
showing a bistability behavior in a small region. To avoid kinks, laser’s working
point has to be moved to between the kinks by precisely adjusting the extended
length and pumping bias, to get a good single mode performance and continuous
tunability by current variation.

The structure of Fig. 5.1 is usually called linear external cavity laser; differently,
ring cavity lasers are also developed, which uses a LD chip with both facets fully
anti-reflective coated, as the gain element of a semiconductor optical

Fig. 5.2 a L–I curve kinks of ECDL. b Explanation of mode competition
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amplifier (SOA). Components with different functions can be inserted in the ring,
such as wavelength selector, phase modulator, amplitude modulator, and output
coupler. The configuration and characteristics will be introduced in related sections.

5.1.2 Linewidth Reduction of ECDL with Weak Feedback

For weak feedback ECDLs with a broad spectrum external mirror, Ref. [6, 8–10]
presented detailed investigations. A brief introduction to the theories is given here.
The rate equations of optical field and phase should be taken into account separately
and the external feedback should be added into the equations. The equation is now
written as [9]:

d
dt
½EðtÞe�jxt� ¼ �jxLD þ 1

2
Gnet

� �
EðtÞe�jxt þ jEðt � sÞe�jxðt�sÞ; ð5:5Þ

where xLD ¼ pMc=ðnLÞ is the resonant frequency of LD chip, Gnet ¼ vgðCg� acÞ
is the net gain in time domain, and C is the confinement factor. The loss coefficient
ac here includes the loss of output from the left facet, a1 ¼ L�1 lnð1=r21Þ, to make
the influence of right facet clearer. The last term of (5.5) describes the feedback
contribution, denoted by coefficient j, which is obtained from the difference
between with and without the external mirror. For the case of weak feedback,
r2rex � 1, only one roundtrip propagation between chip’s right facet and the
external mirror is needed to be taken into account; thus j � rexð1� r22Þ=r2sLD is
given, where sLD ¼ 2ngL=c is the roundtrip time of LD chip. The beam in the
extended path is assumed without divergence here for simplicity. Denoting the
optical intensity with I ¼ Ej j2 and E ¼ ffiffi

I
p

e�j/, the rate equations of intensity and
phase are obtained as [9, 10]:

_I ¼ GnetIþ 2jIf cosðxs� D/ÞþR1 þFIðtÞ; ð5:6aÞ
_/ ¼ xLD � x� jf sinðxs� D/ÞþF/ðtÞ: ð5:6bÞ

where f ðt; sÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iðt � sÞ=IðtÞp

and D/ ¼ /ðt � sÞ � /ðtÞ; R1 ¼ cspRsp ¼
cspN=ssp is the contribution of spontaneous emission to the laser mode. FIðtÞ and
F/ðtÞ are Langevin forces of intensity and phase noises. The rate equation of carrier
concentration is written as:

_N ¼ C � R� GI þFNðtÞ; ð5:6cÞ

where C ¼ J=ed, G ¼ vgg; R ¼ Rsp þRnr ¼ N=sN is the recombination rate,
including nonradiative recombination; sN is the lifetime of carriers. FNðtÞ is the
Langevin force describing fluctuations of injected carrier concentration.
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Under the stationary state, f ¼ 1, D/ ¼ 0, and all Langevin forces are averaged
to zero, the stationary parameters are given as

I ¼ R1

�Gnet � 2j cosxs
; ð5:7aÞ

x ¼ xLD � j sinxs; ð5:7bÞ

RþG � I ¼ C: ð5:7cÞ

It is noted that the net gain under stationary state is a negative; the sum of net
gain and the contribution of spontaneous emission equals to zero to maintain the
laser with a stationary output. The spontaneous emission coefficient is very small;
under the usual bias, I � sLDR1, therefore, Gnet � �2j cosxs from (5.7a). The
longitudinal modes are determined by (5.7b), in which both of xLD and j are
functions of chip index, resulting in mode hopping at certain points in current
variation, where the mode hopping causes kink of L–I curve, from (5.7a).

It is shown by (5.7a), (5.7b) and (5.7c) that the effect of external feedback on
longitudinal modes and on threshold gain depends on phase shift xs. The ECDL
can thus be tuned by precisely adjusting the extended length l by mechanical
methods. Piezoelectric transducers (PZT) are often used for the tuning, and also for
laser frequency stabilization.

The intensity noise and linewidth of ECDL are determined by the dynamic rate
Eqs. (5.6a) and (5.6b). In case the extended cavity length is less than laser
coherence length, and the variation of LD output is small during the delay s ¼ 2l=c,
approximations are taken as f ðt; sÞ � 1� s _p=2I with p ¼ I � I and
D/ ¼ /ðt � sÞ � /ðtÞ � �s _/. The gain coefficient is expanded over carrier con-
centration as Gnet ¼ Gnet þGNdN with dN ¼ N � N and GN ¼ @G=@N. The LD
frequency and feedback coefficient are expanded as xLD ¼ xLD½1�
ðhNdN þ hx _/Þ� and j ¼ j½1� ðhNdNþ hx _/Þ� with hN ¼ n�1@n=@N and
hx ¼ n�1@n=@x. The rate equations are then rewritten as

ð1þ aÞ_Iþð2b� hxGnetÞI _/ ¼ ðGN � hNGnetÞIdNþFI ; ð5:8aÞ

ðng=nþ aÞ _/� ðb=2IÞ_I ¼ ðng=2nÞaGNdN þF/; ð5:8bÞ
_N ¼ �GNIdN � GdIþFN : ð5:8cÞ

where a ¼ js cosxs, b ¼ js sinxs. a ¼ 2x0ð@n=@NÞ=ðngGNÞ ¼ Dnr=Dni is just
the linewidth enhancement factor [9]. Langevin forces have properties of [7, 10]:

hFiðtÞi ¼ 0

hFiðtÞFjðuÞi ¼ 2Dijdðt � uÞ; ð5:9Þ

5.1 General Characteristics and Theory of External Cavity … 121



where DII ¼ cspI, D// ¼ csp=4I, DNN ¼ ðcspIþRÞ, DIN ¼ �cspI, D/I ¼ 0, and
D/N ¼ 0. Equations (5.8a), (5.8b) and (5.8c) can be solved by Fourier transform,
and the power spectral densities (PSD) of intensity noise, phase noise, and carrier
concentration noises are then obtained. The ECDL linewidth is deduced in
Ref. [9, 10], expressed as

dm ¼ dmLD
½1þ jsðcosxs� a sinxsÞ�2 ; ð5:10Þ

where dmLD ¼ v2ghmcspgamð1þ a2Þ=ð8pPÞ is the linewidth of solitary LD.
It is indicated from (5.10) that the linewidth reduction effect of external feedback

is enhanced by a larger external cavity length, and depends on the phase shift. The
best state is obtained when xs is in the fourth quadrant [9], where the positive
cosxs gives a lower threshold gain from (5.7a), and negative sinxs is beneficial to
linewidth reduction. It is shown also from (5.7b) and (5.10) that the linewidth
reduction requires j� ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a2
p ðx� xLDÞj j; i.e., the feedback coefficient needed

for the ECDL is proportional to the difference between the lasing frequency and the
LD chip longitudinal mode.

Another effect of the extended cavity is the lowered relaxation oscillation fre-
quency due to the increased photon lifetime, xR � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vgCgNp0=sp
p

. Based on the
coupling between photons and carriers, described by the dynamic rate equation,
the power spectral densities of intensity noise and frequency noise are affected by
the cavity extension. Ideally, the noises are suppressed in a certain degree, as
discussed in Sect. 3.3.3. However, the larger cavity length may cause a higher
susceptivity to the external disturbances and the intensity noise have a tend to
increase [11]. Obviously, the mechanical stability of external cavity is important,
and intentional active stabilization measures are necessary for low noise and narrow
line lasers.

5.1.3 Characteristics of ECDL with Frequency
Selective Feedback

Although the extension of cavity length benefits to line narrowing, multimode
operation due to reduced mode spacing is not welcome for a single mode laser. An
external mirror with narrow bandwidth frequency selectivity is thus necessary.
Since the tunability of ECDL is one of the concerned functions, the frequency
selective element is required to provide wide tuning ranges. On the other hand, the
intracavity mode of LD chip will bring about unwanted influences on the frequency
selectivity of external mirror; the chip facet facing the external mirror should be
coated with anti-reflective film to weaken the oscillation between the two cleaved
facets. It is meant that the external mirror cannot be regarded as a weak feedback,
and the analysis above is no longer valid for such a strong feedback case.
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(a) Simplified Model

The frequency selective elements used widely include diffractive planar gratings,
Bragg gratings, Fabry-Perot cavity, multilayer dielectric films, and so on. They
have different spectral characteristics. For simplicity, their reflectivity near the top
of reflection peak can be described approximately as Lorentzian shape, expressed as
[12–14]:

rex ¼ r0
1þ jðx� x0Þ=Dx : ð5:11Þ

The intensity reflectivity is Rex ¼ rexj j2 ¼ r20=½1þðx� x0Þ2=Dx2�, where Dx
is the half width at half maximum of Rex. The effective reflectance of external cavity
is now reduced to

reff ¼ r2½1þ jðx� x0Þ=Dx� þ r0e jxs

1þ jðx� x0Þ=Dxþ r2r0e jxs � r0e jxs

1þ jðx� x0Þ=Dx : ð5:12Þ

The last form is the approximation for r2 � r0\1. The lasing condition is then
written as

r1rex exp½gnetLþ j2kðnLþ lÞ� ¼ 1 ð5:13Þ

where gnet is the net gain of LD chip. Its real part and imaginary part are written as:

r1r0egnetL cosð2nkLþ 2klÞ ¼ 1; ð5:14aÞ

r1r0egnetL sinð2nkLþ 2klÞ � ðx� x0Þ=Dx ¼ 0: ð5:14bÞ

The gain and phase lasing conditions are obtained as

gnet ¼ 1
L
ln

1
r1r0 cosðxsTÞ ; ð5:15aÞ

Dx tanðxsTÞ ¼ x� x0; ð5:15bÞ

where sT ¼ 2ðnLþ lÞ=c is the roundtrip time of propagation in the composite
cavity. It is noticed that the narrow bandwidth external mirror affects not only the
gain condition, but also the phase condition. The mode positions are given by
Eq. (5.15b), whose solution can be obtained with graphic method, as shown in
Fig. 5.3. The mode spacing is now a spectral function; and the mode number
decreases one in the band of external reflection, compared with a broadband
external mirror, as shown in Fig. 5.4.

The LD chip with residue reflectance r2 can be regarded as a low finesse active
F-P cavity with the gain spectrum modulated by roundtrip propagations. The active
reflection to the extended cavity can be expressed as
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RLD ¼ r2 þ r1egnetL=2þ jnkL

1þ r2r1egnetL=2þ jnkL

����
����
2

¼ R2 þR1egnetL þ 2r2r1egnetL=2 cos nkL
1þR2R1egnetL þ 2r2r1egnetL=2 cos nkL

� R1egnetL þR2 þ 2r2r1egnetL=2ð1� R1egnetLÞ cos nkL
: ð5:16Þ

The last expression is the approximation with only a linear term of r2. The lasing
condition can now be written as RLDRex ¼ 1. The modulated gain will affect the
ECDL mode competition, as shown schematically in Fig. 5.4.

(b) Linewidth Reduction:

The above qualitative discussion is mainly with respect to the lasing conditions.
The effect of external cavity on laser noises is more concerned in single frequency
lasers. The linewidth of ECDL with a narrowband cavity mirror will be reduced not
only by the extended cavity length, but also by other mechanisms related to the
spectrum of feedback. First, the phase factor of external reflectance will induce an
increasing of group delay and the photon lifetime. This is so-called “slow-light”
effect [15, 16]. Second, the spectrally varying reflectance of external mirror changes
the threshold gain and related carrier concentration; and the induced index variation

Fig. 5.3 Schematic diagram of longitudinal mode positions

Fig. 5.4 Schematic diagram of ECDL modes, chip modes, external reflection spectrum and
modulated gain spectrum
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causes the lasing frequency chirping, as analyzed by Ref. [17–20]. A brief intro-
duction is given as follows.

Differentiating the threshold gain condition (5.2) gives relation of

Dgnet ¼ �Dx
L

@

@x
ln reff : ð5:17Þ

To take into account the intrinsic stochastic phase fluctuation, such as those
induced by spontaneous emission and other mechanisms [18], denoted by D/in, the
phase condition (5.3) is rewritten as

2nLDkLþ/eff þD/in ¼ 2mp: ð5:18Þ

With the relations between gnet, ni and linewidth enhancement factor a, the chip
index is expanded as

nLD ¼ n0 þ @n
@x

Dxþ @n
@N

DN ¼ n0 þ @n
@x

Dx� 2kaDgnet: ð5:19Þ

By differentiating (5.18) a relation is generated as

srtDx� aLDgnet þ @/eff

@x
Dxþ srtDx0 ¼ 0; ð5:20Þ

where srt ¼ 2ngL=c is the roundtrip time of LD cavity, ng ¼ n0 þxð@n=@xÞ is the
group index. The intrinsic phase fluctuation of solitary LD is expressed as D/in ¼
srtDx0 by the same consideration. Combining (5.17) and (5.20), the reduction of
frequency chirping by external cavity is obtained:

Dx ¼ Dx0

1þAþB
; ð5:21Þ

where A ¼ s�1
rt ð@/eff=@xÞ and B ¼ as�1

rt ð@ ln reffj j=@xÞ. The two parameters reflect
the abovementioned two factors of frequency selectivity of external mirror.

Expression (5.21) gives a basic relation for the effect of external cavity on
frequency fluctuation, but it cannot be regarded as frequency noise quantitatively,
which should be obtained by statistically averaging the second moment of
stochastic variable, i.e., its variance. To understand the noises as a whole, including
the intensity noise, the deduction should start from the rate equations. The ECDL
with frequency selective mirror can be modeled by a Fabry-Perot oscillator, whose
transfer function is written as EðxÞ ¼ FðxÞ=ð1� r1reffej2nkLÞ [18], where FðxÞ is
the Fourier component of Langevin force. Under the DC bias high enough above
threshold, approximation of ðr1reffej2nkLÞ0 � 1 is valid. The denominator of EðxÞ is
expanded in spectral domain, written as
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1� r1 reff
�� ��ejð2nkLþ/eff Þ

¼ 1
reff
�� �� @ reff

�� ��
@x

þ j
@/eff

@x

 !
Dx� j

2ngL
c

Dx� j2kL
@nr
@N

þ j
@ni
@N

� �
DN

¼ �jsrtðA� jB=aÞDx� jsrtDx� jLðaþ jÞDg

:

The transfer function EðxÞ ¼ FðxÞ=ð1� r1reffej2nkLÞ is then reduced to

1þA� j
B
a

� �
½�jDxEðxÞ� ¼ 1

2
ð1� jaÞEðxÞDGþFðxÞ=srt:

By inverse Fourier transform, the rate equation in time domain is obtained:

1þA� j
B
a

� �
_EðtÞ ¼ 1

2
ð1� jaÞDGEðtÞþFðtÞ: ð5:22Þ

With E ¼ ffiffi
I

p
e�j/, the rate equations of photon density and phase are obtained as

ð1þAÞ_I � 2B
a
I _/ ¼ IDGþRsp þFI ; ð5:23aÞ

ð1þAÞ _/þ B
a

_I
2I

¼ a
2
DGþF/; ð5:23bÞ

_N ¼ �GNIDN � GDIþFN : ð5:23cÞ

The contribution of spontaneous emission Rsp is added in (5.23a) for a complete
expression. The rate equation of carrier concentration (5.23c) is the same as that in
Sect. 5.2. Compared with the intrinsic frequency noise induced by the spontaneous
emission, the intensity fluctuation is much slower, _I � 0 can be taken approxi-
mately. The phase equation is then reduced to an expression similar to (5.21), but
with noise source included:

ð1þAþBÞ _/ ¼ F/ � aFI=2I: ð5:24Þ

The frequency width, determined by the variance of phase fluctuation, is thus
derived to be

dm ¼ dmLD
ð1þAþBÞ2 ¼

1þ a2

ð1þAþBÞ2 dmST; ð5:25Þ

where dmLD is the frequency width of solitary LD, as given in Chap. 3.
It is noticed if the external reflectance is not a real factor, but a complex as

rex ¼ rexj jej/ex , formula (5.1a), (5.1b) and (5.1c) of effective reflectance has to be
modified, expressed as:

126 5 External Cavity Semiconductor Lasers



reffj j2 ¼ r22 þ rexj j2 þ 2r2 rexj j cosðxsþ/exÞ
1þ r22 rexj j2 þ 2r2 rexj j cosðxsþ/exÞ

; ð5:26aÞ

tan/eff ¼
rexj jð1� r22Þ sinðxsþ/exÞ

r2ð1þ rexj j2Þþ rexj jð1þ r22Þ cosðxsþ/exÞ
: ð5:26bÞ

It means that factor A and B are now coupled with each other, and the coupling
declines as the reflection of LD chip facet r2 decreases. In the limit case of strong
feedback, r2 � rexðx0Þj j, approximations of reffj j2� rexj j2 and tan/eff �
tanðxsþ/exÞ are valid. Parameters A and B in (5.21) are then expressed with
relations to the reflectance of external mirror:

A ¼ s�1
rt ðsþ @/ex=@xÞ

B ¼ as�1
rt @ ln rexj j=@x: ð5:27Þ

For weak feedbacks, rexðx0Þj j � r2, we have reffj j2 � r22 ½1þ 2q cosðxsþ/exÞ�
and tan/eff � q sinðxsþ/exÞ with q ¼ rexj jðr�1

2 � r2Þ. Parameters A and B are
reduced to the following approximate forms:

A ¼ q
srt

sþ @/ex

@x

� �
cosðxsþ/exÞþ

@ ln rexj j
@x

sinðxsþ/exÞ
� �

; ð5:28aÞ

B ¼ aq
srt

@ ln rexj j
@x

cosðxsþ/exÞ � sþ @/ex

@x

� �
sinðxsþ/exÞ

� �
: ð5:28bÞ

The linewidth (5.25) is now expressed in a form somewhat similar to (5.10) for a
plain external reflector; but more complicated with its spectral property taken into
account.

Detailed analyses of the rate equations indicate that the intensity noise and
relaxation oscillation will be suppressed by the extended cavity [20], consistent
with the discussion in Sect. 3.3. Based on the rate equations the noises and sta-
bilities of ECDL induced by variety of factors can be analyzed, such as temperature
variation, mechanical vibrations, and bias current, and its fluctuations. Parameters
A and B of different external feedback components have different characteristics, as
discussed in related sections below.

5.1.4 Injection Locking of Semiconductor Lasers

The structure of injection-locked semiconductor lasers is similar to that of external
cavity laser, as shown in Fig. 5.5. The mechanisms inside the LD chip are also
similar to that of ECDL, though their functions are different. The master laser is
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usually a continuous wave (cw) laser with excellent spectral characteristics,
working in a stable single longitudinal mode with narrow linewidth and low noise.
The slave laser has features to meet requirements of applications, such as capability
of high speed modulation, high power output, etc., however its spectral perfor-
mances are not good enough. Injection locking is to make the slave laser with both
advantages.

The mechanism of injection locking can be analyzed by the same rate equations
as those in ECDL with some modifications. The system can be modeled as a forced
oscillation; the optical frequency x of slave laser will be the same as that of master
laser, which may be different from the frequency of slave laser without injection
xLD. The rate equations are written as [21–23]

d
dt
½EðtÞe�jxt� ¼ �jxLD þ 1

2
Gnet

� �
EðtÞe�jxt þ 1

sLD
EinjðtÞe�jxt; ð5:29aÞ

d
dt
NðtÞ ¼ C � NðtÞ

ssp
� GðNÞ EðtÞj j2 þ EinjðtÞ

�� ��2h i
; ð5:29bÞ

where EinjðtÞe�jxt is the injected field from master laser. To take field fluctuations
into account, the fields of slave laser and injecting laser are written as EðtÞ ¼
½Es þ aðtÞ�e�j/ðtÞ and EinjðtÞ ¼ ½Em þ bðtÞ�e�j/mðtÞ; the rate equations are then
reduced to

_a ¼ 1
2
Gnet þ j cosD/

� �
ðEs þ aÞ; ð5:30aÞ

_/ ¼ xLD � x� j sinD/; ð5:30bÞ

where D/ ¼ /� /m, j ¼ ðEm þ bÞ=½sLDðEs þ aÞ� � Em=ðsLDEsÞ. In stationary
cases,

Gnet ¼ DG ¼ �2j cosD/; ð5:31aÞ

xLD þ j sinD/ ¼ x; ð5:31bÞ

Fig. 5.5 Structure of injection locked LD
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where DG ¼ G� G0 is the gain coefficient change caused by injection. The phase
of injection-locked laser is locked on the phase of master laser as
/ ¼ /m � tan�1½2ðxLD � xÞ=DG�; and the condition of frequency locking is
xLD � xj j 	 j. It is meant that the higher the injected master laser power, the larger
the frequency locked range can be obtained. If the frequency difference and the
injected power do not meet the locking conditions, the slave laser will work out of
lock and unstably. The gain change from free running to locked operation is

DG ¼ �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � ðx� xLDÞ2

q
. Therefore, the gain coefficient of slave laser will

decrease when locked, and its threshold decreases.
The above analysis gives basic features of injection locking, but it is not exact,

because the factor of carrier concentration is omitted. From (5.29b), the injection
causes carrier concentration reduction; in case of slave laser working under a
constant current, gain change of DG ¼ GNDN occurs correspondingly. It makes
also change of oscillation frequency of slave laser, due to dependences of index on
carrier concentration. The frequency of Mth mode of free-running slave laser xM

will be changed to xLD ¼ xMð1� hNDN � hxDxÞ by injection. It is indicated by
detailed analysis that the locking condition should take different forms for shorter
and longer wavelength sides, expressed, respectively, as [24]:

x� xM 	 jþ 1
2
aGNDN; for x�xM ; ð5:32aÞ

xM � x	 j� 1
2
aGNDN; for x	xM ; ð5:32bÞ

where a is the linewidth enhancement factor. That is, the locking ranges are not
symmetric to the free-running mode. Since the injection causes carrier concentra-
tion decrease under the constant pump current, DN\0, the locking range at longer
wavelength side is larger than that at shorter wavelength side. Even more, injection
locking may not be realized at shorter wavelength side for a fixed operation current,
due to the large a of semiconductor lasers. Such an asymmetric behavior is a unique
feature of semiconductor lasers, different from other kind lasers.

For good performances of injection-locked laser, it is necessary to design and
control the parameters of device structure carefully. One of them is the optimization
of input facet reflectance of slave laser. A lower reflectance is helpful for higher
injection of master laser, but increase the slave laser threshold due to its larger
mirror loss. Details of the technical issues can be read in references.

It is indicated that the injection-locked laser has a series advantages over the
free-running laser [24–26]. The following are the most noticeable features and
concerns in practical applications.

(a) As stated above, the nearer the mode closes to the frequency of master laser, the
lager the threshold gain reduction is. Therefore, the side mode suppression ratio
(SMSR) is enhanced by the injection. It is an important feature, especially
for high frequency modulated lasers, since the modulation deteriorates
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SMSR of ordinary LD greatly, leading to pulse broadening and bit error rate
(BER) increasing in pulse code modulation (PCM) communications. Injection
locking is one of the schemes for laser operation in a dynamically single
longitudinal mode.

(b) Injection locking by using a narrow linewidth and stable master laser will
effectively reduce noises of slave laser. Enhanced stimulated amplification
suppresses greatly the phase noise of slave laser. The effect is used for optical
phase locking loop (OPLL), as one of the frequency stabilization schemes [27],
which will be discussed further in Chap. 8.

(c) Injection locking can be realized not only for cases of the mode with frequency
near the master laser, but also for side mode locking under certain conditions.
When one of the side modes is locked by injection of master laser, the other
modes, including the main mode will be stabilized also [28]. The side mode
injection is often used in wavelength translation and conversion.

(d) Injection locking can improve not only the longitudinal mode characteristics,
but also the transverse mode of the slave laser; especially for the broad area
high power diode laser [29]. The latter often works in multiple transverse
modes, with poor output beam. Careful designed injection of master laser with
good beam quality can effectively suppress the high-order transverse modes of
slave laser, while maintaining the high power output.

5.2 Planar Grating External Cavity Diode Laser

The planar diffractive grating is one of the most widely used external mirrors. It has
good performances, especially the feasibility of wide tuning range, high spectral
resolution, and flexible and precise tunability. Great progresses in the external
cavity semiconductor laser with planar grating mirror have been achieved, and the
results of research and development in the field are continuously transferred to
industrializations.

5.2.1 Basic Characteristics of Planar Grating

The diffraction of planar grating is attributed to the interference of multiple optical
beams scattered from its numerous grooves. By denoting b ¼ ðsin h� sin hiÞa with
grating period a, incident angle hi, and observation angle h, the composed field is
expressed as [5]:

EðbÞ ¼ E0

XN�1

n¼0

ejnkb ¼ E0
1� ejNkb

1� ejkb
¼ E0

sinðNkb=2Þ
sinðkb=2Þ ejðN�1Þkb=2; ð5:33Þ
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where N � 1 is the total number of grooves which the incident beam covers. If light
scattering strength at grating grooves varies with its positions and with the spatial
orientation, the amplitude E0 should be expressed as an integral over grating widthW:
E0ðbÞ /

R
W Fðx; bÞe�jkbx=adx. For a constant F, E0ðbÞ / W sinðkbW=2aÞ=

ðkbW=2aÞ, it is just the diffraction pattern of grating aperture. The normalized
intensity distribution of grating diffraction is obtained from (5.33):

I / sin2ðNkb=2Þ
N2 sin2ðkb=2Þ ; ð5:34Þ

which gives a series of maxima at kb=2 ¼ mp:

ðsin hd � sin hiÞa ¼ mkm m ¼ 0;
1;
2; . . .; ð5:35Þ

where hd is the diffraction angle, and m is the diffraction order. Formula (5.35) is
called the grating equation. For fixed incident and diffraction angles, the formula
can be approximately expressed as Lorenzian function of frequency near one of the
diffraction orders, b ¼ mkm ¼ 2mpc=xm:

I / 1

1þðx� xmÞ2=x2
1=2

¼ 1

1þðk� kmÞ2=k21=2
; ð5:36Þ

where x1=2 ¼ 2
ffiffiffi
3

p
c=ðNbÞ, k1=2 ¼

ffiffiffi
3

p
b=ðm2NpÞ ¼ ffiffiffi

3
p

km=ð mj jNpÞ. The line shape
may also be approximated by a Gaussian function for a simplified and convenient
analysis of its characteristics.

The angular dispersion is obtained from the grating equation:

dhd
dk

¼ m
a cos hd

: ð5:37Þ

The resolution of grating is given by k1/2, which is proportional to the grating
period a = W/N. Conventionally, the groove number per millimeter, 1=a, is called
the grating constant, which is usually in range of 1000–300 mm−1 for visible and
near infrared bands.

The phase factor of diffraction is / ¼ Nkb=2 ¼ Nxb=2c ¼ N mj jpx=xm, given
by (5.33). Its contribution to linewidth suppression factor A is thus obtained:

A / Nb=2c ¼ N mj jp=xm; ð5:38Þ

indicating that the larger the groove’s number N, the more the linewidth is reduced
by grating external cavity. Linewidth suppression factor B is obtained from (5.36):
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B / @

@x

x1=2

½ðx� xmÞ2 þx2
1=2�1=2

¼ �ðx� xmÞx1=2

½ðx� xmÞ2 þx2
1=2�3=2

: ð5:39Þ

Its maxima 
2=ð3 ffiffiffi
3

p
x1=2Þ are obtained at x� xm ¼ 
x1=2=

ffiffiffi
2

p
, deviated from

the peak wavelength. Such a behavior was observed in a diffractive grating ECDL
experimentally [30].

The diffraction efficiency, its spatial distribution and its variation with wave-
length are the main concerns in applications. These characteristics are dependent on
grating’s fabrication process. Two techniques are usually adopted. One is that the
grooves are carved on a polished plane of substrate by a precise machine. Triangle
grooves can thus be formed. Their diffraction efficiency is a function of incident
angles, determined by the triangle shape. Blaze gratings with strong diffraction at a
certain angle are usually made by this technique. The other method is by using
holography and chemical etching. The groove shape is near a sinusoidal function,
with diffraction efficiency roughly uniform in orientations and with a weaker
spectral dependence, beneficial for a large tuning range.

5.2.2 Littrow and Littman ECDL

Wavelength selectivity and tunability of grating ECDL can be realized by adjusting
the incident angle to grating plane. Different applications put forward different
tuning requirements; some require large tuning range with hopping allowed,
whereas others require fine continuous tuning without hopping. This book focuses
mainly on the latter. The continuous tuning range and precision are dependent on
design of optics and related mechanics. Two configurations are well developed and
widely used: Littrow structure and Littman–Metcalf structure, introduced as
follows.

(1) ECDL with Littrow Configuration

The optical path of Littrow configuration ECDL is shown in Fig. 5.6a [31, 32].
The grating here is used as the mirror of external cavity, and as the output mirror
also. The first-order diffractive beam returns back to the LD chip, i.e.,
hi ¼ h ¼ �hd; while the zero order is used as the output beam in the reflection
direction of grating plane. The grating obeys diffraction equation of

2a sin h ¼ k: ð5:40Þ

The grating is required with a strong diffraction on backward direction so that the
blaze grating is preferable.

The laser frequency can be tuned by rotating the grating, so long as the pivot is
perpendicular to the incident plane OO1G shown in Fig. 5.6, where O is the
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position of pivot. It can be either in grating plane as in Fig. 5.6a, or out of grating
plane as in Fig. 5.6b. The incident angle h can be adjusted by rotating the grating;
however, the cavity length is changed at the same time. For continuous tuning
without mode hopping, the position of pivot has to meet a certain condition, as
discussed in Ref. [3, 31–33]. It is deduced as follows.

In Fig. 5.6a, line OO1 is perpendicular to O1G. Denoting h ¼ OO1, the length of
composite cavity is DG ¼ L ¼ h tan hþO1D, where D is the virtual mirror position
when the indexes of LD chip and other optical components are taken into account.
The cavity length varies with the incident angle as dL=dh ¼ h= cos2 h. From
dkL=dL ¼ kL=L, the mode variation is obtained as dkL=dh ¼ kLh=ðL cos2 hÞ. On the
other hand, the angular dispersion of grating is dkg=dh ¼ kg= tan h. Continuous
tuning requires dkg=dh ¼ dkL=dh. Since the laser works usually at the peak of
grating reflection spectrum, kg0 � kL0, the continuous tuning condition is then
deduced to

h=L ¼ cos3 h= sin h: ð5:41Þ

A typical design uses a blaze grating with h = 45°; h = L/2 is then needed.
In case of pivot with distance of OP to the grating plane, as shown in Fig. 5.6b,

by denoting p = OP, h = OO1, l = GO1, and h1 = AO1, the following geometrical
relations are obtained: tan a ¼ l=h, tan h ¼ l=h1, l=p ¼ h1=ðh� h1Þ, and
tan h ¼ tan aþ p=h. Angle a and h change with grating rotation around axis O;
sections l and h1 change as well. The cavity length varies as dL=da ¼ hð1þ tan2 aÞ.
dkL=da ¼ ðkLh=LÞ½1þðtan h� p=hÞ2� is obtained. The peak wavelength of grating
reflection varies as dkg=da ¼ kg= tan h. If the start point of tuning of kg0 � kL0 is
assumed, the continuous tuning condition is deduced to

h tan h½1þðtan h� p=hÞ2� ¼ L: ð5:42Þ

The formula determines the geometrical parameters of ECDL structure. For a
blaze grating with h ¼ 45�, it is reduced to h½1þð1� p=hÞ2� ¼ L.

Fig. 5.6 a Optical path of Littrow structure ECDL; b In case of pivot not in grating plane
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For higher freedom of continuous tuning, the rotation and translation can be
controlled separately, instead of only one pivot. An example is shown in Fig. 5.7
[34, 35]. The grating is moved by two PZT, whose driving voltages are controlled
by a computer with programs written in advance for continuous tuning,
quasi-continuous tuning, or step tuning.

Littrow ECDL is widely used in many applications, due to its advantages of
simple structure and convenient operation. However, the direction of output beam
will rotate in tuning. This shortcoming must be overcome for many applications.
Reference [36] reported a design for compensating the output deflection. A simpler
design is with both of two ends of LD chip utilized, as shown in Fig. 5.8 [37],
where the laser beam outputs from the chip directly, so that a stable beam is
obtained in tuning. The grating and the cavity parameters of such a configuration
should be designed differently from the structure of Fig. 5.6.

(2) ECDL with Littman–Metcalf Configuration

Compared with Littrow structure, Littman–Metcalf structure ECDL (shortened as
Littman ECDL) gives output beam with a stable direction. Figure 5.9a shows its
schematic diagram [3, 38–41]. The feedback beam is from the second order
diffraction of grating; the incident angle a of LD beam to the grating and the

Fig. 5.7 Littrow ECDL with a rotation and translation separately controlled grating

Fig. 5.8 Littrow ECDL with a stable output direction

Fig. 5.9 a Schematic diagram of Littman ECDL; b Pivot dislocated from its optimum
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diffraction angle h meet relation of sin h ¼ k=a� sin a. The zero-order diffraction is
used as the output, shown in the figure by the arrow. MirrorM reflects the diffraction
beam back to the grating and then to the LD chip, building up an external cavity. The
zeroth order diffraction of the beam from the mirror, marked by a dashed line, goes
out of the cavity as a loss, which should be minimized in the design.

Tuning of Littman ECDL is realized by rotating mirror M. Since it does not
change the incident angle a to the grating, the direction of output beam is stable.
Reference [33, 38] analyzed the influence of pivot position on tuning. An explicit
explanation is given here. The pivot is marked by O in Fig. 5.9a; the lengths of
lines are denoted by OG = l1, DG = l0, MG = h, and OM = l2; angle OMG is a
right angle. Point D is a virtual position of cavity mirror, taking the indexes of LD
chip and optical components into account. The cavity length of ECDL is now
L = l0 + h = l0 + l1 sinh. From relation of @kL=@L ¼ k=2L ¼ ð@kL=@hÞ=2 ¼
ð@kL=@hÞ=ð2l1 cos hÞ, the tuning rate is written as

@kL
@h

¼ k cos h
sin hþ l0=l1

: ð5:43Þ

On the other hand, the angular dispersion of grating is

dkg
dh

¼ a cos h ¼ k cos h
sin hþ sin a

: ð5:44Þ

Continuous tuning requires equality of the two rates, giving condition of
l0=l1 ¼ sin a, indicating that angle ODG should be a right angle. The pivot should
be located at the corner of right triangle OMG and ODG, and unchanged during
grating rotating.

It is needed to understand what will happen if the pivot deviates from its optimal
position. In Fig. 5.9b, pivot P is at OO1 = x and PO1 = y from the ideal position
O. The mirror’s rotation changes angle MQG (h), while angle DOG (a) and PQ1

(x1) are kept unchanged. With geometrical relations of O1O2 = y tanh,
OO2 = x + y tanh, Q1Q2 = x1 + y /cosh, QO2 = Q1O2/sinh, h = QG sinh, and
QG = l1 + QO = l1 + QO2 − OO2, the composite cavity length is expressed as

L ¼ l1ðsin hþ sin aÞ � x sin hþ x1 þ y cos h: ð5:45Þ

The tuning rate is then deduced as

dkL
dh

¼ kL
L
ðl1 cos h� x cos h� y sin hÞ: ð5:46Þ

By denoting f ðhÞ ¼ dkL=dh� dkg=dh as the difference between the tuning rate
and angular dispersion of grating, and with kL0 ¼ kg0 ¼ k0 and PO � OG
assumed, we arrive at
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f ðhÞ � �a2

k0l1
½yð1þ sin a sin hÞþ x sin a cos hþ x1 cos h�: ð5:47Þ

It shows the influence of pivot deviation from its optimum. The continuous
tuning without mode hopping requires the difference between mode and diffraction
peak less than half of mode spacing: f ðhÞDh	DkL=2, which puts forward the
requirement of mechanical design.

The above analyses of Littrow and Littman ECDL have not taken the chromatic
dispersions of LD chip and optical components into account, which will affect the
tuning characteristics and other performances. If a large tuning range is required,
the higher order tuning rate d2k=dh2 has to be considered. Detailed analysis can be
read in references [3, 41–43].

(3) Typical Characteristics of Planar Grating ECDL

Planar grating ECDLs show good performances, especially with single fre-
quency and narrow linewidth output. Figure 5.10 gives measured spectra of a
Littman ECDL [44], as an example. Figure 5.10a is its static spectrum measured
with an optical spectrum analyzer (OSA), showing peak wavelength of
780.184 nm, SMSR of 53.05 dB, and linewidth of 0.027 nm (*3.4 GHz). The
linewidth is limited by the resolution of OSA. Figure 5.10b shows the results
measured by a scanning F-P etalon, whose finesse is 300, free spectral range
(FSR) is 1 GHz. The exact linewidth (full width at half maximum, FWHM) is less
than 3 MHz.

Linear tuning is realized by applying a saw wave voltage on PZT. The tuning
continuity is checked by the F-P etalon with its cavity length fixed, as shown in
Fig. 5.11, where the bold line is the voltage on PZT; thin lines are the signal of F-P.
The measured tuning range is 22 GHz, calculated from FSR of F-P cavity. No
mode hopping occurs in the range.

Fig. 5.10 a Spectrum measured by OSA. b Waveform measured by F-P-I; Insert Expended line
shape
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5.2.3 Technical Issues of Grating ECDL

Besides the optimized designs, a series of technical problems in optics and
mechanics have to be noticed and solved for building a practical Littrow or
Littman ECDL.

(1) Design of Mechanical Structure and Tuning Driver

One of the keys to planar grating ECDL is the pivot structure for precise tuning,
as discussed above. The structure of axis with bearing bush, driven usually by a step
motor, is used usually in some ECDL designed for wide range quasi-continuous
tuning. Monolithic structures are mostly used for precise and stable tuning, where
elastic deformation of material is utilized to rotate the angle of grating or mirror.
Figure 5.12a shows a Littman ECDL with a cantilever turner with mirror fixed on
the beam driven by a piezoelectric transducer (PZT). The beam material at its fixed
end is thinned for reducing the pushing force and confining the pivot position.

Fig. 5.11 Continuous tuning spectrum of ECDL

Fig. 5.12 a Littman ECDL with cantilever turner; b Flexible hinge turner
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Figure 5.12b depicts a flexible hinge structure, which composed of several sym-
metrically arranged thin beams for a larger turned angle with a smaller force, and
maintaining the pivot at the center stably.

Apart from the static deformation range and the force needed, the resonance
frequency of dynamic deformation has to be taken into account in designs of the
turner. It determines the response speed of tuning, especially for applications of
frequency stabilization. Reference [44] reported the simulated and measured data of
dynamic response.

(2) Optical Beam Collimation

The divergent output beam of LD chip must be carefully collimated, usually by
using a large aperture aspheric lens. A broad collimated beam is preferred if per-
mitted by the requirement of whole device volume, to get not only a better beam
quality, but also a larger grating area illuminated, which is important for higher
spectral resolution. For the same reason, a larger incident angle is also preferred to
enhance spectral resolution and tuning precision.

The normal of reflectivemirror in Littman structuremust be in the incident plane of
grating to get higher coupling efficiency. Instead of a planar mirror, a right angle prism
may be used to ensure the reflected beam exactly backward to the grating, so that the
number of adjustable components is reduced and themechanical stability is improved.

Attention should also be paid to the orientation of Bragg vector of grating
respect to the incident plane. The grating Eq. (5.35) holds in case of incident plane
perpendicular to grating grooves, i.e., parallel to Bragg vector of grating. If the
angle between them is not zero, the diffraction beam will not be in the incident
plane, as shown in Fig. 5.13 with / 6¼ 0, resulting in increase of coupling loss and
decrease of tuning range. The detailed analysis on spatial distribution of planar
grating diffraction can be read in Ref. [45].

(3) Anti-reflective Coating of LD Chip

The end facet of LD chip facing the external cavity should be coated with
anti-reflective (AR) film to get rid of the influence of chip mode to external cavity
mode. According to the basic principle of multiple dielectric films, the optical
thickness should equal to k/4, and the index of the film material should meet the

Fig. 5.13 Diffractions in three-dimensional space
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value of n ¼ ffiffiffiffiffiffiffiffi
nLD

p
. It is important to precisely measure and control the residue

reflectance R2. Since the film is evaporated on LD chip, which is an active medium,
conventional method of reflection measurement is not applicable. Instead, it is
necessary to utilize the characteristics of LD emitting spectrum for monitoring R2.
The light emitting spectrum of LD below threshold is modulated by the roundtrip
propagation between two facets; the modulation depth is a function of their
reflectance. The reflectance R1 of facet without coating is determined by the index
of semiconductor, and is mostly about 32%. According to the theory of traveling
wave amplifier, the modulation depth is

M ¼ Imax � Imin

Imax þ Imin
¼ 2

ffiffiffiffiffiffiffiffiffiffi
R1R2

p
G0

1þR1R2G2
0
! 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2=R1

p
1þR2=R1

; ð5:48Þ

where G0 ¼ expðgnetLÞ is the single trip gain of LD. The modulation depth is thus
varying with the injected current. Since the LD threshold before coating satisfies
R1G0 = 1, the residue reflectance after coating can then be calculated by measured
modulation depth under the same injected current by the last formula of (5.48) with
a known R1.

(4) Dependence of Polarization on LD P-N Junction Orientation

Semiconductor laser has strong polarization selectivity; generally, the electric
field of its TE mode is parallel to the P-N junction. Due to the polarization
dependence of Fresnel reflection, the diffraction efficiency of planar grating is
dependent on the polarization of incident beam. Therefore, the polarization of
ECDL output will vary with the P-N junction orientation respect to the beam axis.
Different polarization states, from linear, to circular, and to elliptical polarizations
can be obtained by rotating LD chip around its beam axis, as reported in Ref. [46].
In addition, since the output beam of LD chip is a long ellipse, the shape of
projected area on grating plane is also varying with the junction rotation. It is
necessary to adjust carefully the position and orientation of LD chip to avoid
changes of the diffraction efficiency and the effect of linewidth reduction.

(5) Mechanical Stability

Compared with the monolithic integrated semiconductor lasers, more attentions
must be paid to the stability of ECDL. The related factors include:

(1) Robustness. Monolithic structure design with components as less as possible is
preferred.

(2) Thermal stability. The material should be with thermal expansion coefficient
(TEC) as lowas possible; andTECof different parts should be closewith each other.
Usually, the LD chip should be cooled and with temperature stabilizationmeasures.

(3) Controllability when LD working point changes. Applications often require an
adjustable output power. Long term uses usually require working point adjusted
to compensate the degradation of laser’s performances due to aging. Detailed
analyses and schemes can be read in references.

5.2 Planar Grating External Cavity Diode Laser 139



5.2.4 Various Cavity Structures and Tuning Schemes

(1) Tuning with Passive Components

Passive components can be inserted in the external cavity and used as a tuning
element. Figure 5.14 gives an example, where the cavity length is varied by rotating
an optical plate or a wedge [47]. Reference [48] proposed another method, where
the collimating lens of LD beam is translated transversely, and the beam direction
can be deflected.

(2) Tuning with Electro-optic and Acousto-optic Devices

The electro-optic (EO) and acousto-optic (AO) effects are also utilized to deflect
optical beams, instead of mechanical movements. Figure 5.15a shows a scheme
with a liquid crystal (LC) cell [49, 50]. The index of LC is a function of the applied
electric field, which varies linearly with the position due to its wedge-type and with
the applied voltage. The beam deflection is thus varied by the voltage, and the laser
wavelength is tuned.

The structure of Fig. 5.15b uses a PLZT plate with triangular electrodes on its
upper and bottom surfaces [51]. PLZT is a transparent EO ceramic. When a voltage
is applied on the electrodes, the index difference is generated between the two
triangular parts, causing refraction at the interface, and the refracted angle can be
adjusted by the voltage. The wave plates (WP) in the figure are used to obtain
optimal tuning efficiency. Detailed principle and characteristics of EO and AO
tuning will be discussed in Chap. 7, together with their dynamic performances.

LD chip

Wedge 

Blank Plate 

Fig. 5.14 Littrow ECDL with a passive element inserted in cavity

Fig. 5.15 a Tuning with a wedge-type LC cell. b Tuning with a PLZT deflector
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(3) Extension of Effective Cavity Length

One of the purposes of ECDL is to extend the photon lifetime for linewidth
narrowing by extending the cavity length. Apart from linear cavities, different
configurations are proposed. Figure 5.16a shows a folded cavity [52], where
refractions, total reflections and total internal reflections (TIR) occur at three sur-
faces of the prism. The photon lifetime is extended by the multiple roundtrips, as
shown by the arrows in the figure. Reference [53] reported a modified Littrow
structure by using the second order diffraction of blaze grating, as shown in
Fig. 5.16b, where the multiple roundtrips occur between the grating and the output
mirror. The finesse of the laser was measured as high as 1855.

(4) High Power ECDL

For high output powers, required often in applications, different designs of
ECDL structure have been proposed. Two configurations are usually adopted. One
is the master oscillator and power amplifier (MOPA) module; the other uses broad
area LD chip or LD array bar, instead of a single transverse mode chip. The LD
chip in Fig. 5.17a is composed of a narrow stripe section as oscillator and a tapered

Fig. 5.16 a Folded cavity for extension of group delay. b Littrow ECDL with second order
diffraction

Fig. 5.17 Higher power ECDL, a with tapered waveguide amplifier; b with a broad area LD
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wide stripe as amplifier [54, 55]; and Littrow grating is arranged at the left end side.
The incident plane to the grating is now perpendicular to the paper, and a k/2 wave
plate is used to get higher feedback. Figure 5.17b is a Littman ECDL with a broad
area LD chip; its output beam is collimated by a cylindrical lens in its fast axis and
by a spherical lens in its slow axis. The wave plate plays the same role as that that in
figure (a). The output power up to 25 W was obtained from this ECDL [56].

The external cavity semiconductor lasers are still being developed to meet the
requirement of different applications. Combined with technology of micro-electro-
mechanical system (MEMS) or micro-opto-electro-mechanical system (MOEMS),
ECDL with advantages of integration and multiple functions is developed [57].
Performances of ECDL are improved further with DFB-LD and VCSEL chips used
to replace the ordinary F-P chips [58].

5.3 Bragg Grating External Cavity Diode Laser

The stability, reliability, and compactness of the planar grating ECDL are consid-
ered not as good as monolithically integrated lasers. ECDL incorporated with Bragg
gratings are then developed, which has advantages of stability better than the
former, and flexibility and narrow linewidth better than the monolithically inte-
grated laser. Three kinds Bragg gratings have been successfully used in ECDL:
fiber Bragg grating (FBG), waveguide Bragg grating (WBG), and volume Bragg
grating (VBG).

5.3.1 Fiber Bragg Grating ECDL

(1) Characteristics of Fiber Bragg Gratings

It was discovered in 1978 that the index of silica fiber would be changed when it
was illuminated from its end by an argon laser beam [59]. It was found later that lateral
illumination of ultraviolet (UV) laser on fiber generated the same effect; and holo-
graphic technique and exposure with phase mask were developed to form a periodical
index modulation in fiber core along its axis [60–62]. The fiber grating was then
developed based on the photosensitivity. Its mechanism is widely recognized as the
interactions of UV photons with the various defects in germanium-doped silica. The
bonds of Ge–O,Ge–O–Si and so on are changed under UV irradiation, and the optical
loss of fiber changes simultaneously, so does the refractive index according to the
universal Kramers–Kronig relation [63]. The photosensitivity is dependent of the
wavelength of UV laser; 248 and 193 nm eximer lasers are provedmost effective, and
the UV-induced index increment up to 10−4–10−3 in near infrared range are achieved.

The periodic index modulation causes coupling between the forward and
backward propagating fundamental modes; and causes also coupling between the
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forward fundamental mode and forward cladding modes. The former coupling
obeys Bragg diffraction equation; i.e., the forward mode with wavelength peaked at
kB = 2neff K will be reflected by the grating with period of K. It is called fiber Bragg
grating (FBG). The coupling with cladding modes occurs in case of grating period
as long as hundreds micrometers, called long period fiber grating (LPFG), which is
used mostly in optical sensors. The characteristics of FBG is described by the same
formulas as (4.32–4.38) given in Sect. 4.2.2 for waveguide grating used in
DBR-LD [62, 64].

For uses in ECDL field, the phase shift and group delay of FBG play important
roles. The phase factor of FBG is the same as (4.36), which is a function of
frequency. When FBG is used to build an external cavity laser, factors A and B in
formula (5.27) are concerned. For an ideal FBG, the group delay (GD) is expressed
as

sg ¼ @/
@x

¼ L
vg

d2 � j2 sinh 2rL=ð2rLÞ
d2 � j2 cosh2 rL

ðr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � d2

p
Þ

¼ L
vg

d2 � j2 sin 2sL=ð2sLÞ
d2 � j2 cos2 sL

ðs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � j2

p
Þ

; ð5:49Þ

where d ¼ b� bB ¼ 2pn=k� p=K; j ¼ n1k0=2 is the coupling coefficient; n and
n1 are the fiber index and its modulation amplitude induced by UV exposure. Factor
B of FBG is proportional to

@ rj j
@x

¼ sg
djðrL cosh rL� sinh rLÞ
Lðj2 cosh2 rL� d2Þ3=2

ðd	 jÞ

¼ sg
djðsL cos sL� sin sLÞ
Lðd2 � j2 cos2 sLÞ3=2

ðd� jÞ
: ð5:50Þ

Figure 5.18 gives calculated spectra of related parameters, where @ rj j=@k and sg
are in arbitrary units. Because of @=@x / � @=@k, the best effect of linewidth

Fig. 5.18 Calculated spectra
of reflectance sg and @ rj j=@x
of FBG
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reduction can be obtained at the longer wavelength edge, where both of A and B are
positive, with higher linewidth reduction factor (1 + A + B).

Similar to the phase-shifted DFB laser, if some phase shift is introduced in FBG,
a narrow transmission peak will occur in its reflection band, which is called
phase-shifted FBG (PS-FBG). It can be regarded as a cavity with length toward
zero, and with wavelength selective mirrors. It is modeled by two uniform gratings
joined with a phase shift in between. The coupled mode equations (CME) of grating
can be expressed as a matrix equation; and the transfer matrix of phase-shifted FBG
is reduced to a product of three matrixes, expressed as [62, 64]

ET

EB

� �
¼ T ð2Þ

11 T ð2Þ
12

T ð2Þ
21 T ð2Þ

22

 !
ejh 0
0 e�jh

� �
T ð1Þ
11 T ð1Þ

12

T ð1Þ
21 T ð1Þ

22

 !
Ein

ER

� �
; ð5:51Þ

where h is the phase shift, Ein, ER, and ET are the input, reflected, and transmitted
optical fields, and EB = 0 for the case of no backward input. In an ideal case with
h = p/2 at the middle point, the transmission spectrum of PS-FBG can be deduced
as [64]:

T ¼ 1

1þ 4ðd2j2=r4Þ sinh4 rl �
1

1þ 4ðd2=j2Þ sinh4 jl ; ð5:52Þ

where l = L/2 is half of the whole length of FBG. T = 1 at Bragg wavelength is
obtained, and the transmission linewidth is d1=2 � je�jL=2, which is very narrow
for a higher jL.

In case of Dh ¼ h� p=2 6¼ 0, the transmission peak will shift from Bragg
wavelength to bpeak � bB � j tanDh. If the phase shift position is not at the middle
point, the transmission peak is still located at Bragg wavelength, but the peak
transmission is lowered. Figure 5.19 shows calculated transmission spectra for
phase shift of p/2 and p/3.

The narrow linewidth of PS-FBG means high slope at the edges and high
contribution to the linewidth reduction factor B; and a high group delay occurs

Fig. 5.19 Transmission
spectra of phase-shifted
grating
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there. For the ideal case with h = p/2 at the middle point, the propagation phase of
transmission and reflection are deduced from (5.51), respectively, as

/t ¼ tan�1 j
2 � d2 cosh 2rl
dr sinh 2rl

; ð5:53aÞ

/r ¼ tan�1 dr sinh 2rl

j2 � d2 cosh 2rl
: ð5:53bÞ

Group delays are then deduced from (5.53a) and (5.53b). A maximum group
delay occurs at Bragg wavelength both for transmission and reflection. Since the
transmission peak is much narrower than the reflection band of a uniform FBG,
much larger A and B factors result. Figure 5.20 gives calculated spectra of /r and sg
of a p/2 PS-FBG, where sg is in an arbitrary unit. It is shown that the larger the
grating length and the coupling coefficient, the narrower the transmission peak is.

It is shown theoretically and experimentally that strong side lobes appear out of
the main reflection band in the spectrum of FBG with uniform index modulation,
attributed to the square aperture of the grating. To suppress the side lobes,
apodization is developed; that is, the index modulation is designed with its
amplitude (and/or other parameters) declined gradually near two ends of grating in
some function of the position, such as a cosine function or a SINC function, instead
of a steep interrupt in uniform FBGs. The spectrum of PSFBG can also be modified
by apodization [62, 64].

(2) FBG-ECDL

The optical fiber communication and fiber sensor are the most important
applications of semiconductor laser. For the applications, the fiber coupled LD has
been well developed and manufactured commercially. The fabrication of
FBG-ECDL is a mature technique, so long as the grating is imprinted inside the
fiber pigtail [65–68], as shown in Fig. 5.21.

Fig. 5.20 Calculated reflection phase and group delay of phase-shifted FBG
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Compared with the solitary LD the DBG-ECDL has remarkable advantages.

(1) It is easy to make an FBG with linewidth less than the longitudinal mode
spacing of chip LD, good for high SMSR.

(2) The temperature coefficient of silica index is roughly one tenth of semicon-
ductor index. The thermal stability of lasing wavelength is enhanced greatly.

(3) It is possible to design and screen the LD chip and FBG separately, so that the
performances of ECDL can be optimized.

(4) FBG-ECDL is very convenient to be used in fiber systems.

One of the key technologies is the coupling between LD chip and fiber. The end
of the fiber has to be processed into a micro-lens, as shown in Fig. 5.21; many
designs and fabrication techniques of the fiber end have been developed. However,
the coupling loss is inevitable. Phenomenally, the reflections and transmissions to
chip side and to fiber are denoted by symbols depicted in the figure; and their
relations are written as t22;3 ¼ g2;3ð1� r22;3Þ with the coupling efficiency of g2;3. The
effective reflectance to the chip can be deduced as

reff ¼
r2 þ ½gþð1� gÞr22� rg

�� ��ejð2nklþ/gÞ

1þ r2 rg
�� ��ejð2nklþ/gÞ ; ð5:54Þ

where g ¼ t2t3=ð1� r2r3j jÞ is the composite coupling efficiency, n is the fiber
index. The threshold conditions of FBG-ECDL are now written as

g ¼ ac þ L�1 lnð1=r1 reffj jÞ; ð5:55Þ

2nLDkLþArgðreffÞ ¼ 2mp: ð5:56Þ

For the chip facet AR-coated sufficiently with r2 � 0,
reff � g rg

�� �� exp½jð2nklþ/gÞ�; then the linewidth reduction factors are expressed as
A ¼ s�1

rt ð@/g=@xþ 2ngl=cÞ and B ¼ gas�1
rt ð@ ln rg

�� ��=@xÞ, where ng is the group
index of fiber. A longer length l is beneficial for a larger factor A; however, it will
reduce the mode spacing, increase possibility of mode hopping. A careful design of
the parameters is necessary.

In order to remove the influence of residue reflection of chip facet as much as
possible, a curved stripe LD has been developed, as shown in Fig. 5.22a.

Fig. 5.21 Schematic structure of FBG-ECDL
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The waveguide is perpendicular to the cleaved facet on the left side, and is angled to
the facet on the right. Any residue reflected wave will then deviate from the axial
direction of waveguide, diffracted out of its lateral boundary. The chip modes are
thus suppressed further. It is necessary to optimize the inclined angle for reducing
the additional loss in the curved waveguide. Similar to the Littrow ECDL, a MOPA
configuration can be used for a high output power FBG-ECDL, as shown in
Fig. 5.22b, where a tapered SOA chip is adopted as the active part, and FBG is
coupled with the narrow stripe waveguide [66].

The increase of fiber coupling efficiency relies on the quality of micro-lens at
fiber tip. A spherical lens is usually formed by arc discharge. The taper angle and a
cylindrical micro-lens can be processed by precisely lapping. A shorter fiber length
l from the lensed end to FBG is better for larger mode spacing. However, its
minimum is limited by the processing of fiber lens, because the UV-induced index
may vanish at high temperature near the arc.

The ECDL of Fig. 5.21 is usually called a linear structure. Besides, ring struc-
tures are also used for PS-FBG based ECDL, as shown in Fig. 5.23, where light
filtered by PSFBG is injected back to the gain medium. Structure (a) uses an optical
circulator (OC) to build the ring with a LD chip; structure (b) uses a semiconductor
optical amplifier (SOA) chip coupled with two fiber pigtails. The fiber couplers
(FC) are used for the outputs, and an optical isolator is inserted to ensure
one-direction propagation.

(a) (b)

Fig. 5.22 a FBG-ECDL with a curved waveguide chip for internal mode suppression.
b FBG-ECDL with a tapered SOA chip for high power output

SOA  

PS-FBG

Output 

FC  OI  LD 

PS-FBG

Output  

FC  OC  

(a) (b)

Fig. 5.23 Structures of phase shifted FBG ECDL, a with LD chip; b with SOA chip
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(3) FBG-ECDL for Different Applications

Apart from narrow linewidth applications, FBG are also used to meet the
requirement of central wavelength stabilization of high power LD, which may work
in continuous wave (cw) or in quasi-cw operations. High power 980 and 1480 nm
LD are pump sources widely used in fiber optical amplifiers and fiber lasers. Their
wavelengths have to match with the absorption line of erbium-doped silica fiber in
varying environment, and in long-term operations with possible aging of LD. The
frequency stabilization can be realized by a weak feedback from FBG written in its
pigtail. For pump sources of fiber amplifiers and lasers, whose linewidth is not
necessary to be very narrow, the FBG-ECDL may work in multiple external cavity
modes, but with the LD chip mode locked at the peak wavelength of FBG. On the
other hand, its output power should not be decreased much by the FBG. In such
cases, a weak reflective FBG is preferred, and the phase factor 2nfkl of external
cavity, is smoothed in spectrum; the effective reflectance of external mirror can be
written as

Reff ¼ R2ð1� geRgÞþ g2eRg

1� R2Rg
ð5:57Þ

where ηe = η + (1 − η)R2. Rg is small for such applications, usually less than 5%;
then the effective reflectance is near R2 of the LD chip facet. The FBG provides a
weak feedback with wavelength selectivity to lock the central frequency of LD.

FBG-ECDLs are also used as the emitter of optical fiber communication system,
where the laser is required working in a stable single longitudinal mode under high
frequency intensity modulations. The response of FBG-ECDL will be slowed by a
longer photon lifetime; therefore, the length of passive fiber section l should be
decreased as much as possible.

By utilizing cross-gain modulation of LD active medium, FBG-ECDL has a
function of wavelength conversion [69]. When the LD chip of FBG-ECDL is
injected by a pulse modulated optical signal with wavelength (k0) different from the
Bragg wavelength (kB) of FBG, the output of ECDL will be modulated by the same
waveform of injected signal by so-called cross-gain modulation; as a result, the
signal at k0 is converted to signal at kB. The wavelength selectivity of FBG is
utilized also to develop other devices, such as mode locked ECDL [70], wavelength
switch [71], and beat frequency output [72] of double wavelength mode locked
laser. These results demonstrated characteristics of multiple function and applica-
bility of FBG-ECDL.

Based on the photoelastic effect, thermo-optic effect, and thermal expansion
effect, FBG-ECDL can be tuned by strains and by temperature of FBG, expressed
as

DkB
kB

¼ aT þ 1
n
@n
@T

� �
DT þð1þ cÞDe; ð5:58Þ
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where aT is the thermal expansion coefficient of fiber, e is its strain, and c is the
effective photoelastic coefficient related to the photoelastic coefficient of fiber. It is
c � �0:22 for silica fiber [64]. Using micro heater and thermoelectric cooler,
temperature tuning is easily realized. The laser can be tuned by strains applied to
FBG, which is stuck on a piezoelectric transducer (PZT) or other elastic element,
such as a bendable cantilever. PZT driven by electric voltage has high response
speed, up to kHz even more.

5.3.2 Waveguide Bragg Gating ECDL

(1) Waveguide Grating Materials

As the development of the integrated optics, the external cavity laser with planar
waveguide Bragg grating (WBG-ECDL) attracts attentions of R&D field and
industries. By using an LD chip coupled with a waveguide grating, a hybrid
integrated WBG-ECDL is built, with mechanisms similar to the monolithically
integrated DBR-LD. Basic materials of LD are III–V compounds, e.g., AlGaAs,
InGaAs, InGaAsP, InGaAlP, InGaN, etc., whereas various materials different from
the chip can be selected for the waveguide, including semiconductors and dielec-
trics. Silicon dioxide on silicon or silica substrate (SiO2/Si), lithium niobate crystal
(LiNbO3), and polymers are the most mature materials with best performances,
used widely. SiO2/Si waveguide is usually grown on silica substrate or on silicon
with a SiO2 surface by means of chemical vapor deposition (CVD), or flame
hydrolysis deposition (FHD), or Sol-Gel technology. The core layer is doped by
GeO2, etc., to increase its refractive index. Stripe structures are fabricated by
photolithography and related processing. Similar to FBG, WBG can be written in its
core by UV exposure. LiNbO3 waveguide is fabricated by diffusion or
ion-exchange of Ti, Ta, or other element. The Bragg grating on LiNbO3 can be
fabricated by photolithography, or by dopant diffusion with a grating mask.

WBG has advantages superior to FBG. It can utilize the functions of dielectric
materials, such as the electro-optic effect, acousto-optic effect and birefringence of
dielectric materials; polymer has an advantage of low cost. The planar waveguide
has polarization selectivity; combined with polarization of LD, polarization state of
WBG-ECDL is usually more stable than that of FBG-ECDL. In addition, both of
waveguide and LD are fabricated by planar process; their coupling is more stable
than coupling between LD and fiber. Such a structure has implanted to FBG-ECDL
with FBG fixed on a planar substrate to improve coupling stability [67].

(2) Design and Characteristics of WBG-ECDL

The basic characteristics of WBG are the same as those of DBR and FBG; the
principle and structure of WBG-ECDL are similar to FBG-ECDL. Figure 5.24a
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shows a schematic structure of WBG-ECDL [73, 74], where the gain chip is an LD
chip or a SOA chip with one cleaved facet high reflective (HR) coated and the other
AR-coated. The output of waveguide is collimated by a lens, or coupled to a pigtail
fiber.

For a narrow line ECDL, the laser should work at wavelength where the line-
width reduction factors A and B have higher values. For both of FBG and WBG, it
is at the longer wavelength edge of grating’s spectrum as shown in Fig. 5.18.
However, the reflectance there is lower than that at the peak, so it is a problem how
to let the laser work with a higher threshold gain. Figure 5.24b gives a solution
[74], that is, the laser works at the shorter wavelength side of gain spectrum, where
gain is higher than that at FBG peak, to meet the condition of

gðkLÞ � 1
L
ln

1
RgðkLÞ [ gðkpeakÞ � 1

L
ln

1
RgðkpeakÞ : ð5:59Þ

Of cause, the phase condition should be satisfied there at the same time. Careful
design and adjustment are necessary to reach such a working point. The spectral
relationship of (5.59) is needed also for narrow linewidth FBG-ECDL.

It is noted that an addition merit is provided when working at shorter wavelength
side of gain spectrum, that is, the linewidth enhancement factor a is much lower
than that at longer wavelength side, as discussed in Sect. 3.2.1. The WBG-ECDL
with optimized parameters shows good performance. As Ref. [73] reported, the
noise level of WBG-ECDL was measured better than those of DFB-LD, DBR fiber
laser, Littman ECDL, and similar to that of nonplanar ring oscillator (NPRO)
solid-state laser [75], which is supposed one of the best lasers in coherence. The
WBG-ECDL has been developed as a commercial product, and used in practical
applications.

For more functions, other optical devices and components can be packaged
inside the ECDL modules, such as output power monitor, temperature sensor and
TE-cooler, and optical isolator. WBG-ECDL can be tuned by temperature variation,
similar to FBG-ECDL.

Fig. 5.24 a Structure of WBG-ECDL. b Spectral relation of LD gain and grating reflectivity

150 5 External Cavity Semiconductor Lasers



5.3.3 Volume Bragg Grating ECDL

(1) Materials and Characteristics of VBG

The volume Bragg grating (VBG) is fabricated in a special photo-sensitive
silicate glass, which consists of aluminum silicate and sodium silicate, and is doped
with silver, cerium, bromine, and fluorine, etc., in certain fractions [76–80]. The
glass has property of photo-thermo-refractive (PTR) effect, i.e., permanent index
change can be generated in the material by UV irradiation and follow-up thermal
treatment.

The fabrication of PTR-VBG involves basically two steps: UV exposure first
and then annealing at high temperature. The periodical index modulation in volume
is generated by UV holography. Mixture of micro crystals containing AgF, NaF,
and other compositions is formed in the irradiated regions at high temperature by
the combination of photo-induced reaction and thermal reaction. Index modulation
amplitude up to 10−4–10−3 has been obtained experimentally [76, 78]. The working
wavelength of commercial VBG is mostly in 800–1000 nm band, especially suit-
able for applications of LD-pumped solid-state lasers and other near infrared laser
technologies. Figure 5.25 shows a VBG plate and the optical paths of its diffraction.

Characteristics of VBG can be analyzed by Bragg diffraction equation and
coupled mode theory, similar to the analysis of FBG. The difference between them
is that the incident angle is not limited in normal direction of VBG. The peak
wavelength of diffraction is now determined by, mk = 2nKcosa, where K is the
period of grating in normal direction, m is the order of diffraction, which is taken to
be unity in usual cases, and a is the incident angle. In case of normal incident, the
Bragg wavelength is kB = 2nK, the same as that in FBG and WBG. The reflection
spectrum, as a function of Dk = k − kB, is deduced to be:

RðDkÞ ¼
sinh2 pn1t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Dk2=l2

q
=k

� �

cosh2 pn1t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Dk2=l2

q
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� �
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Dkj j 	 lð Þ

¼
sin2 pn1t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Dk2=l2 � cos2ðpn1t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q
=kÞ

Dkj j � lð Þ;

ð5:60Þ

Fig. 5.25 Diffraction paths
of a VBG plate
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where t is the thickness of grating, l = n1kB/2n is the coupling coefficient in
wavelength domain, n1 is the amplitude of index modulation. The relation to
coupling coefficients in wave vector domain is l = jkB/2pn. The spectrum of
reflection is similar to Fig. 4.8 of FBG. The peak reflectance is obtained from
(5.60):

R0 ¼ tanh2ðpn1t=kBÞ ¼ tanh2ðjtÞ: ð5:61Þ

The spacing between two first zero points is Dk1 ¼ kB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2B þ n21t

2
q

=t. It is seen

that the linewidth of main lobe is inversely proportional to the number of grating
grooves in its thickness: / k=t / K=t ¼ 1=N. When the material’s loss is
neglected, the transmission is T = 1 − R. The field reflectivity of VBG can be
approximated as Lorentzian function, with a full width at half maximum linewidth
(FWHM) DkH :

rVBG ¼
ffiffiffiffiffi
R0

p
1þ jðk� kBÞ=DkH : ð5:62Þ

Figure 5.26 shows a measured VBG reflection spectrum [81], giving its peak
wavelength of 807.8 nm, FWHM linewidth of 0.4 nm, and peak reflectance of
80%.

Compared with FBG and WBG, one of the advantages of VBG is the possibility
of incident angles variation. It brings about flexibility of its uses and more functions
[79]. The peak wavelength, coupling coefficient, and peak reflectance vary with the
incident angle, kB ¼ 2nK cos a; l ¼ n1kB=2n ¼ l0 cos a, and R0 ¼ tanh2ðpn1t=kBÞ.
The reflection spectrum has the same form as (5.60). It is noted the peak reflectance
increases with angle a, similar to Fresnel reflection at a medium surface. Detailed
analysis of the variations of reflection spectrum and diffraction coefficient with
incident angle is given in Ref. [82].

The optical wave in FBG and WBG is usually the fundamental mode of
waveguide, whereas the incident beam of VBG may have different beam shape.

Fig. 5.26 A measure
reflection spectrum of VBG
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The formulas given above are deduced for a planar wave. In practice, the transverse
dimension of incident beam is much narrower than the planar wave approximation.
The effective reflection spectrum should be derived by integration with a weighting
factor of angular distribution. Reference [82] presented the results of analysis of a
Gaussian beam, and the influence of polarization state of incident beam.

As a frequency selective element and a frequency discriminator, the thermal
characteristics of VBG are surely concerned. It was reported that the peak wave-
length temperature coefficient of typical VBG is 0.01 nm/°C [83]. Typically the
longitudinal mode temperature coefficient of 800 nm LD is 0.06 nm/°C, the gain
peak temperature coefficient is 0.2–0.3 nm/°C; therefore, the role of VBG in fre-
quency selectivity and stabilization of LD is remarkable.

(2) VBG External Cavity LD

The typical structure of VBG-ECDL is given in Fig. 5.27, where the VBG is
used as the output mirror. According to (5.1a), (5.1b) and (5.1c), the effective
reflectance of LD chip is expressed as

r̂eff ¼ r2 þ rVBGej2kl

1þ r2rVBGej2kl
: ð5:63Þ

One of purposes of VBG-ECDL is to realize the single longitudinal mode
operation. It is reqiuired that the mode spacing DkECDL is larger than the linewidth
of VBG:

DkECDL ¼ k2B=ð2nLþ 2lÞ[DkH : ð5:64Þ

Therefore, the external cavity length l should be short, and the thickness of VBG
should be large. The LD output beam must be collimated by a lens; therefore, the
reduction of l is limited in practice. It is thus necessary to adjust LD pump current,
and/or temperatures of LD and VBG, together with adjusting l precisely, to enhance
the dominance of main mode.

The mode competition also depends on the LD gain spectrum, expressed by
Lorenzian function approximately, as discussed in Chapter 2. To maintain the laser
working at Bragg wavelength, it is required that the spacing between net gain and
threshold gain at kB should be smaller than that at the gain peak kp:

g½B�th ðkBÞ � gðkBÞ\gthðkpÞ � gðkpÞ: ð5:65Þ

Fig. 5.27 Schematic
structure of VBG-ECDL
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where g½B�th ðkÞ ¼ ac þð1=LÞ lnð1=R1ReffÞ, and gthðkÞ ¼ ac þð1=2LÞ lnð1=R1R2Þ.
The required effective reflectance is thus deduced to be

Reff ¼ reffj j2 �R2 exp
2gNNL

1þðk� kpÞ2=Dk2g
: ð5:66Þ

In LD-pumped solid-state lasers and fiber lasers, the wavelength of LD must be
locked at the absorption line of rare-earth ions. For example, 808 nm line of
Nd-YAG, 980 nm line of Er/Yb-doped fiber (EDF/YDF). The wavelength of
free-running LD often varies with temperature, with injection current variation, and
with device aging for long tern operation. The wavelength locking of high power
LD and LD array by VBG is proved an effective method [81, 83–85]. For such
applications, the ECDL may work in multiple longitudinal modes, so long as the
fluctuation of central wavelength of envelop spectrum is less than the linewidth of
ion absorption. The phase factors in formula (5.63) can now be averaged, and the
effective reflectance is rewritten as

reffj j ¼ r2 þ gc rVBGðkÞj j
1þ gcr2 rVBGðkÞj j : ð5:67Þ

where ηc is the coupling coefficient between VBG and LD chip. A lower r2 and a
higher ηc are surely beneficial for a stronger effect of VBG. On the other hand, the
peak reflectance of VBG is limited by the output power requirement. Design of
parameters should take the external differential efficiency and the ratio of output
powers from two ends into account, expressed as

gd ¼ gin
ð1� ReffÞ

ffiffiffiffiffi
R1

p
ð1� ReffÞ

ffiffiffiffiffi
R1

p þð1� R1Þ
ffiffiffiffiffiffiffi
Reff

p ; ð5:68Þ

Pfront

Prear
¼ ð1� ReffÞ

ffiffiffiffiffi
R1

p
ð1� R1Þ

ffiffiffiffiffiffiffi
Reff

p : ð5:69Þ

Figure 5.28a gives a spectrum of VBG-ECDL with a broad area LD chip,
measured by an optical spectrum analyzer. Figure 5.28b is signals measured by a
scanning Fabry-Perot etalon for precise data [84], showing a high SMSR and
linewidth of 19 MHz, much narrower than the original linewidth of broad area LD.

VBG has been used widely for wavelength locking of high power diode lasers.
Figure 5.29 shows the spectra of LD output at different temperatures of LD heat
sink, showing that the lasing wavelength of VBG-ECDL keeps a constant within
the limitation of apparatus precision in temperature range of 22–35 °C, while the
wavelength of free-running LD varies about 2.5 nm [81].

Various configurations of ECDL can be designed by utilizing the spatial
diffraction characteristics of VBG [77]. Fox-Smith type cavity lasers can be built by
using VBG as a beam splitter with narrow line spectral characteristics, as shown in
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Fig. 5.30a. The beam quality of broad area LD and LD array can also be improved
by utilizing the spatial diffraction of VBG, as shown in Fig. 5.30b, where the VBG
not only plays a role of the wavelength locking, but also enhances the oscillation of
main spatial lobe, and suppresses the side lobes, resulting in beam divergence

Fig. 5.28 a Spectrum of VBG-ECDL output; b Signal of scanning FPI. Thicker line scanning
voltage; Thinner line F-P output. Reprinted from Ref. [84] with permission

Fig. 5.29 Laser spectrum at different temperatures: a Free-running LD; b VBG-ECDL. Reprinted
from Ref. [81] with permission

Fig. 5.30 a Fox-Smith type cavity with VBG. b VBG for beam quality improvement
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reduction. The different array elements, or beams from different position of broad
area laser bar, will couple with each other by feedback from VBG, and the lateral
phase locking is thus enhanced.

5.4 Diode Laser with Cavity Feedback

Apart from the gratings discussed in Sects. 5.2 and 5.3, Fabry-Perot (F-P) cavity
and ring cavity are also used to build ECDL, since both of them have properties of
narrow line resonances.

5.4.1 Feedback from Fabry-Perot Cavity

(1) Basic Characteristics of Fabry-Perot Cavity

The basic theory of F-P cavity can be found in many textbooks [5, 63]. It is
composed of two planar mirrors, as shown in Fig. 5.31a, with field reflectance of
r1 ¼

ffiffiffiffiffi
R1

p
and r2 ¼

ffiffiffiffiffi
R2

p
, and transmission of t1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R1

p
and t2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R2

p
, if

the mirrors are lossless.
The property of F-P is based on the model of multiple beam interference. The

field reflection and transmission of F-P cavity are deduced to be

rFP ¼ �r1 þ r2ejD

1� r1r2ejD
¼ rFPj j expðj/rÞ

tFP ¼ t1t2ejD=2

1� r1r2ejD
¼ tFPj j expðj/tÞ

; ð5:70Þ

where D ¼ 4pnL cos h=k is the phase shift between the adjacent beams. The
intensity reflection and transmission are expressed as

Fig. 5.31 aModel of multiple beam interference of F-P cavity with planar mirrors; b Optical path
of confocal F-P cavity
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RFP ¼ R1 þR2 � 2
ffiffiffiffiffiffiffiffiffiffi
R1R2

p
cosD

1þR1R2 � 2
ffiffiffiffiffiffiffiffiffiffi
R1R2

p
cosD

¼ R0 þ s2 sin2ðD=2Þ
1þ s2 sin2ðD=2Þ

TFP ¼ T1T2
1þR1R2 � 2

ffiffiffiffiffiffiffiffiffiffi
R1R2

p
cosD

¼ T0
1þ s2 sin2ðD=2Þ

; ð5:71Þ

where R0 ¼ ð ffiffiffiffiR1
p � ffiffiffiffi

R2
p Þ2

ð1� ffiffiffiffiffiffiffi
R1R2

p Þ2 , T0 ¼
T1T2

ð1� ffiffiffiffiffiffiffi
R1R2

p Þ2, and s2 ¼ 4
ffiffiffiffiffiffiffi
R1R2

p
ð1� ffiffiffiffiffiffiffi

R1R2
p Þ2. For lossless mirrors,

T1;2 þR1;2 ¼ 1, so that TFP þRFP ¼ 1. For symmetric cavity with R1 ¼ R2 ¼ R,
R0 ¼ 0, T0 ¼ 1, and s ¼ 2

ffiffiffi
R

p
=ð1� RÞ. A series of resonances occurs at D ¼ 2mp

with narrow transmission peaks. The resonant wavelengths and frequencies F-P are
expressed as

km ¼ 2nL cos h=m

mm ¼ mc=ð2nL cos hÞ : ð5:72Þ

The spacing between adjacent resonances is called the free spectral range
(FSR) of F-P:

kFSR ¼ k2=ð2nL cos hÞ
mFSR ¼ c=ð2nL cos hÞ : ð5:73Þ

The line shape near one of the resonances km is then written as

TFP ¼ 1

1þ s2 sin2ðmpkm=kÞ
� 1

1þðk� kmÞ2=dk2FP
dkFP ¼ km

mp
sin�1 1

s
¼ kFSR

p
sin�1 1

s
� kFSR

ps

; ð5:74Þ

It is seen that the line shape is in Lorentzian basically. The performance of F-P
cavity is characterized by its finesse, defined as the ratio of FSR to FWHM line-
width; for a symmetric F-P with R � 1, it is expressed as

F ¼ kFSR
dkFP

¼ p
ffiffiffi
R

p

1� R
: ð5:75Þ

The resonator is also characterized by its quality factor Q, defined as Q = m/dm,
which is proportional to the finesse of F-P. Figure 5.32a shows a calculated
reflection spectrum of a lossless symmetric F-P with R = 0.99.

If the medium in cavity is with loss a, including the loss caused by beam
divergence, the resonance positions and FSR are the same as expressed by (5.72)
and (5.73), whereas the finesse is expressed as F ¼ p

ffiffiffiffiffiffi
qR

p
=ð1� qRÞ with

q ¼ e�aL, lower than that with lossless medium.
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The F-P mirrors have to be adjusted and kept highly parallel. A minor deviation
will cause optical loss and decrease of finesse. The divergence of incident beam
must also be low enough, or otherwise the resolution of spectrum analysis will be
lowered. To mitigate such a requirement and to improve the applicability, F-P
cavities with spherical mirrors are developed. Among them the confocal F-P cavity
is used widely, in which the cavity length L equals the curvature radius of the
spherical mirror, as shown in Fig. 5.32b. Compared with the planar mirror F-P, the
roundtrip path and the phase difference between the adjacent beams is doubled. For
paraxial rays with h � 0 and for cavity medium of n = 1, the phase difference D and
frequency FSR are modified as

D ¼ 4kL
2 cos h� 1
cos 2h

cos2 h � 4kLð1þ h2=2Þ � 4kL; ð5:76Þ

mFSR ¼ c=4L: ð5:77Þ

The formulas for planar mirror F-P are applicable to the confocal F-P cavity, so
long as the phase factor is replaced by expression (5.76).

(2) Phase Shift and Group Delay of F-P Cavity

The optical wave will experience phase changes when reflected and transmitted
from F-P cavity. For a lossless F-P, the phase factors are deduced from (5.70),
expressed as:

/t ¼ arctan
1þ r1r2
1� r1r2

tan
D
2

� �
! arctan

1þR
1� R

tan
D
2

� �

/r ¼ arctan
a sinD

cosD� b
! � arctan

1� R
1þR

cot
D
2

� � ; ð5:78Þ

where a ¼ ð1� R1Þ=ð1þR1Þ, b ¼ r1ð1þR2Þ=½r2ð1þR1Þ�. The last expressions of
(5.78) after arrows are for the symmetric F-P with r1 ¼ r2. Figure 5.32b shows a
calculated reflection phase of a symmetric F-P cavity with R = 0.99. The phase
shifts cause group delays, deduced as

Fig. 5.32 a Reflection spectrum of F-P cavity; b Phase shift of F-P reflection
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st ¼ @/t

@x
¼ sc

2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p

1þ s2 sin2ðD=2Þ ; ð5:79aÞ

sr ¼ @/r

@x
¼ ascð1� b cosDÞ

ðcosD� bÞ2 þ a2 sin2 D
! sc

2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p

1þ s2 sin2ðD=2Þ ; ð5:79bÞ

where the last expression of (5.79a) and (5.79b) is for a symmetric F-P. Highest
group delays are obtained at resonances: st0 ¼ sr0 ¼ sc

2
1þR
1�R for R1 ¼ R2 � 1.

However, /r and sr are different from /t and st for the case of R1 6¼ R2; in addition,
/r and sr are different between cases of R1 < R2 and R1 > R2. The peak group delay
of a F-P with R1 < R2 is much higher than that of the symmetric F-P with
R � ffiffiffiffiffiffiffiffiffiffi

R1R2
p

; and the peak group delay for R1 > R2 is negative. Figure 5.33 shows
calculated curves as examples.

The differential of field reflectance over frequency, related to linewidth reduction
factor B, is obtained from (5.71):

d rFPj j
dx

¼ sc
2

sgnðDÞ cosðD=2Þ
½1þ s2 sin2ðD=2Þ�3=2

: ð5:80Þ

Figure 5.34 shows calculated spectra of reflectance, group delay and differential
of rFPj j for the case of symmetric F-P.

(3) Applications of F-P Cavity in ECDL

To utilize the characteristics of F-P cavity in ECDL, several schemes were
reported in journals. One of them is to insert an F-P inside the extended cavity
[86, 87], as shown in Fig. 5.35a. One of the external cavity modes is tuned by
adjusting the position of output mirror, attached on a PZT, to match with one of the
F-P resonant peaks. The side modes are thus suppressed effectively, and the line-
width of main mode is narrowed greatly. The F-P resonant peak can also be tuned
by rotation as marked in the figure. In addition, the output mirror is placed at the
focus point of lenses to mitigate the precision requirement of adjusting. The thin
film filter (TFF) can play similar role to that of F-P filter, as shown in the figure by

Fig. 5.33 Calculated phase and delay spectra of asymmetric F-P. a R1 < R2; b R1 > R2
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circled insert. Although the linewidth of TFF is much larger than F-P, it is attractive
for its low cost and used in cases with lower linewidth requirements.

Another configuration is to use F-P cavity as a feedback element [88, 89], as shown
in Fig. 5.35b. Different from the ECDL introduced above, the active element is a
DFB-LD, so that the lasing wavelength is determined by DFB itself. When the
wavelength is tuned to locate at the edge of F-P cavity reflection spectrum, the linewidth
will be greatly suppressed by the linewidth reduction factor A and B of F-P cavity.

Frequency of a DFB diode laser is stabilized in Ref. [90] by using a mesoscopic
monolithic confocal F-P cavity. Such a design improves greatly the stability of
cavity. Moreover, an asymmetric cavity is used, i.e., with surface reflection of 0.97
and 0.9997, respectively. The effective reflective delay is thus increased greatly, as
illustrated by formula (5.78) and Fig. 5.33. The Lorentzian linewidth down to
15.7 Hz was obtained using the scheme.

5.4.2 Feedback from Ring Cavity

The ring cavity has similar characteristics to F-P cavity with sharp resonance peaks.
It can be constructed by various structures and with different components.

Fig. 5.34 Calculated characteristics of a symmetric Fabry-Perot resonator

Fig. 5.35 a ECDL with a tunable F-P cavity; b ECDL with feedback from F-P filter
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Figure 5.36 shows different schemes of ring cavities. Ring cavity (a) is composed
of two totally reflective mirrors (M) and a beam splitter (BS). Cavity (b) is similar
to F-P cavity, but one of the reflectors is a totally reflective mirror. Such a cavity is
called Gires-Tournois (GT) interferometer, after the names of its inventors. Its
characteristics are similar to an asymmetric F-P. Ring cavity (c) uses a fiber coupler
(FC) with its two ports connected. Figure (d) is a whispering gallery mode
(WGM) cavity.

Characteristics of ring cavities (a) and (b) can be deduced by referring formulas
of an asymmetric F-P, with r2 ¼ 1 and t2 ¼ 0:

rGT ¼ �r1 þ ejD

1� r1ejD
¼ ð1þ r21Þ cosD� 2r1 þ jð1� r21Þ sinD

1þ r21 � 2r1 cosD
¼ ej/GT

tGT ¼ 0

; ð5:81Þ

where D ¼ 4pnL cos h=k, the same as that of F-P cavity. It is seen that rGTj j ¼ 1;
i.e., G-T cavity is an all-pass filter when the losses of medium and reflectors are
neglected. Its phase shift is

/GT ¼ arctan
ð1� r21Þ sinD

ð1þ r21Þ cosD� 2r1
: ð5:82Þ

Structure of Fig. 5.36c uses a 2 � 2 fiber coupler with intensity split ratio of r2:
t2. It is also an all-pass filter for a lossless ring; its transmission is deduced as

E
E0

¼ r � ejbL

1� rejbL
¼ ej/FR ; ð5:83aÞ

/FR ¼ arctan
ð1� r2Þ sinD

ð1þ r2Þ cosD� 2r
; ð5:83bÞ

where D ¼ bL ¼ nf kL, b is the propagation constant of fiber, L is the length of fiber
ring. The fiber ring has the same characteristics as G-T cavity. Their group delay is
deduced as

Fig. 5.36 Typical ring cavities. a Composed of planar mirrors (M) and beam splitter (BS); b G-T
cavity; c fiber ring cavity with fiber coupler (FC); d Whispering gallery mode cavity
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sg ¼ @/
@x

¼ sc
1� r2

1þ r2 � 2r cosD
ð5:84Þ

where sc = nL/c is the single trip delay in the cavity. At resonant peaks with
D = 2mp, the group delay reaches its maxima: sg = sc(1 + r)/(1 − r), which is
toward infinitive when r * 1. For practical applications in laser devices, the loss of
fiber coupler may not be neglected because the beam will pass through it multiple
times, i.e., t2 þ r2 ¼ a\1. The transmissions of field and intensity are then
rewritten as

E=E0 ¼ ðr � aejbLÞ=ð1� rejbLÞ
I=I0 ¼ ða� rÞ2=ð1� rÞ2

: ð5:85Þ

Similar to a fiber ring, a waveguide ring can be built with a waveguide coupler
by the integrated optics technology [91], giving similar characteristics. Various
micro cavities have been proposed and fabricated as reviewed in Ref. [92]. Among
them, the whispering gallery mode (WGM) cavity is attractive. The acoustic
whispering gallery wave was found very earlier in a dome or a round wall con-
struction. The effect in optics is utilized as a miniature ring cavity in microcavity
semiconductor lasers, as shown in Fig. 5.36d. The optical wave in WGM cavity is
concentrated along the boundary, and will resonate the same as an ordinary ring. By
using a prism coupler as input and output component, it plays a role of narrow band
filter. A whispering gallery mode cavity made of dielectric crystal, which has
advantages of low loss, high Q, and high stability, is used as a resonator to stabilize
LD frequency is demonstrated in Ref. [93]. The cavity is integrated heteroge-
neously with LD chip with the stability improved greatly. The integral linewidth
down to 30 Hz and instantaneous linewidth of sub-Hz is obtained.

The fiber ring shown in Fig. 5.36c cannot be used as a laser cavity mirror since it
is an all-pass filter. If a very low reflective fiber Bragg grating is inserted in the fiber
loop, it will show backward reflection. Moreover, multiple roundtrips make strong
resonances; the reflection linewidth is suppressed and the effective group delay is
increased greatly. Reference [94] built a fiber laser with such a composite ring as
cavity mirror, as shown in Fig. 5.37, showing low phase noise and low

Fig. 5.37 A narrow linewidth fiber laser with a slow-light fiber ring as its output mirror
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intensity noise. The intrinsic Lorentzian linewidth of 10 Hz was estimated, and the
linewidth in longer integration was measured to be 150 Hz. The characteristics of
slow-light effect of the composite ring and its optimization are studied in detailed in
Ref. [95].
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Chapter 6
Frequency Stabilization
of Semiconductor Lasers

6.1 Introduction to Saturated Absorption Spectroscopy

Based on the technologies introduced in Chaps. 4 and 5, the semiconductor laser
can work in a single longitudinal mode with high side mode suppression ratio
(SMSR) and narrow linewidth. However, even if technical measures are adopted for
temperature stabilization, vibration isolation, and pump current stabilization, laser’s
frequency noise and drift may not meet the requirements of applications, where low
noises and high frequency stability are required, such as high resolution spec-
troscopy, high precision metrology, laser cooling of atoms and atomic clock, and
high speed optical communications. It is necessary to stabilize the frequency by
active feedback.

The laser frequency stabilization involves mainly three parts: a high precision
frequency standard as reference, a frequency discriminator to detect the difference
between reference frequency and laser’s frequency, and an approach of controlling
laser’s frequency with feedback of error signal. Three frequency stabilization
technologies have been developed successfully. One of them uses absorption lines
of atoms or molecules as reference. The second uses high precision and high
stability resonators, especially the F-P cavity. The method is named PDH method
after its inventors, R.V. Pound, R.W.P. Drever, and J.L. Hall. The third uses a laser
with precision and stability much higher than the laser to be stabilized, which will
be introduced in Chap. 8.

Lasers with frequency stabilized on absorption lines of atoms or molecules are
widely used in many important areas, such as spectroscopy, and laser cooling of
atoms. One of the milestones in the field is the saturated absorption spectroscopy
developed by A.L. Schawlow, one of the laser’s inventors, who was awarded Nobel
Prize in Physics 1981 due to the contribution [1, 2].
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6.1.1 Classical Theory of Absorption Spectrum

(1) Classical Harmonic Oscillator Model

When an optical wave E with frequency x is propagating in a medium, the
electric polarization will generate in it, P = v E, by two effects, one is the change of
charge distribution inside the atoms or molecules induced by optical field, the other
is the orientation change of polarized molecules from random to dominantly along
with the optical filed direction. In case the incident optical intensity is not so strong
that nonlinear optical effects can be neglected, the electric susceptibility can be
deduced form movement of electrons pushed by optical field, described by the
classical harmonic oscillator model [3–6]:

v ¼ Nq2

me

1
x2

0 � x2 � jxc
; ð6:1Þ

where N is the number of atoms in unit volume, q is the electric charge of electron,
me is its mass, x0 is the intrinsic frequency of electron oscillation, c is the damping
coefficient. The real part and imaginary part of electric susceptibility, v = vr + j vi,
are expressed as:

vr ¼
Nq2

me

x2
0 � x2

ðx2
0 � x2Þ2 þðxcÞ2 ; ð6:2Þ

vi ¼
Nq2

me

xc

ðx2
0 � x2Þ2 þðxcÞ2 : ð6:3Þ

They are related with each other, as

vr ¼ vi
x2

0 � x2

xc
� vi

x0 � x
c=2

: ð6:4Þ

The real and imaginary parts of susceptibility obey the universal Kramers–
Kronig (K-K) relations, as expressed in Chap. 2 by Formula (2.35). The suscep-
tibility determines the dielectric constant of medium and refractive index with
v = e/e0 − 1 = n2 − 1. In the frequency stabilization by absorption lines, gas cells
are often used with the background index of nr0 * 1. The real part and imaginary
part of index near the resonant frequency x0 are written as:

nr ¼ 1þ pNq2

mex
x0 � x

ðx0 � xÞ2 þ c2=4
; ð6:5Þ

ni ¼ pNq2

2mex
c

ðx0 � xÞ2 þ c2=4
: ð6:6Þ
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The imaginary part of index is termed the extinction coefficient, which is pro-
portional to absorption coefficient a, ni = a/2k. Formulas (6.5)–(6.6) describe the
chromatic dispersion of index, as shown in Fig. 6.1. The index nr changes asym-
metrically respect to the resonant frequency x0, where the dispersion reaches its
maximum.

The absorption line has a Lorenzian shape; its full width at half maximum
(FWHM) is obtained from (6.6): ΔxL = c. Both of the absorption line and the index
dispersion curve can be used to acquire error signal for frequency stabilization.
Usually, atoms and molecules have several absorption lines, which can be utilized
for different frequency bands.

(2) Absorption Saturation by Optical Power

In the process of optical absorption the particle (atom or molecule) absorbs the
energy of a photon, and its electron transits from the ground state to an excited state.
The electron at the excited state will transit back stochastically in a short time, the
average of which is the spontaneous relaxation time s. As the optical intensity
increases, the population at the ground state will decrease, and the absorption
coefficient will decrease. Such a phenomenon is called the absorption saturation.
According to Einstein’s radiation theory, there exist spontaneous emission and
stimulated emission at the same time, the rate equation of population at the ground
state is written as

dN1

dt
¼ �N1B12caðxÞ I

hm
þ N0 � N1

s
; ð6:7Þ

where B12 is Einstein coefficient, c is the light velocity, a(x) is the absorption
coefficient, N0 is the total number of particles, N2 = N0 − N1 is the number of
particles at the excited state level, s is also termed the longitudinal relaxation time.
The stationary solution of rate equation can be deduced as N1 ¼ N0½1þ sB12ca
ðxÞI=ðhmÞ��1. In the semi-classic theory of laser physics, the populations and
transitions are expressed as density matrix, and obeys the density matrix equation,

Fig. 6.1 Absorption line and
index dispersion spectra

6.1 Introduction to Saturated Absorption Spectroscopy 169



which takes the coherent transition into account. The population difference between
upper and down levels in the stationary state is deduced as [4–8]:

DN ¼ DN0
1þðx� x0Þ2T2

2

1þðx� x0Þ2T2
2 þX2

RT2s
; ð6:8Þ

where T2 = 1/c is the relaxation time of coherent excitation, termed also the
transverse relaxation time; XR ¼ lE0=�h ¼ l

ffiffi
I

p
=�h is Rabi oscillation frequency

with electric dipole l [6–8]. ΔN0 is the population difference without incident light,
which is different from the total atom’s number N0 due to the existence of thermal
excitation. The absorption coefficient is deduced from (6.8)

aðxÞ ¼ a0
ðc=2Þ2

ðx� x0Þ2 þðc=2Þ2ð1þ I=IsÞ
; ð6:9Þ

where a0 is the peak absorption coefficient for a weak incident light. Therefore the
absorption coefficient decreases with increase of the optical power; that is the
saturation effect of absorption. At the peak, aðx0Þ / ð1þ I=IsÞ�1. Is is the satu-
ration intensity, expressed as

Is ¼ ce0�h2

4l2T2s
¼ ce0�h2c

4l2s
: ð6:10Þ

The saturation intensity is proportional to the inherent linewidth c, and inversely
proportional to the spontaneous relaxation time. The lower the saturation intensity,
the easier the saturation effect occurs. It is seen from (6.9) that the linewidth
increases with the intensity, called the effect of saturation broadening:
DxFWHM ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ I=Is

p
.

6.1.2 Doppler Broadening and Saturated
Absorption Spectroscopy

(1) Doppler Broadening of Absorption Line

In the model above, the electrons at excited state will transit back to the ground
state by spontaneous emission and stimulated emission. The spontaneous relaxation
time, expressed by damping coefficient in the classical model, describes a natural
linewidth. However, other mechanisms exist in the medium, shortening the relax-
ation time. The downward transition may be caused by collisions of particles with
each other, and with walls of gas container. In solid state, the transition may be
induced by vibrations of host lattice, i.e., by collision with phonons. The mecha-
nisms shorten the lifetime of electrons at high level and broaden the absorption line.
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If the probability of transition by the mechanism is identical to all of the par-
ticles, and the transitions of different particles give same contribution to the spec-
trum of broadened line, such a broadening is called the homogeneous broadening.
In such a case it is impossible to distinct which of particles gives contributions to
the different spectral composition of broadened line. In saturated absorption, the
line declines with the intensity of incident light, whereas its spectral shape keeps
unchanged. The absorption line due to homogeneous broadening has a Lorentzian
line shape, the same as that due to natural broadening.

It is well known that particles in gas are moving with different directions and
different velocities, and the probability of velocities obeys Maxwell–Boltzmann
distribution. Similar to the case of acoustic wave, optical Doppler Effect occurs for
moving particles, i.e., the optical frequency observed by moving particles changes
with their velocities u, expressed as

x0 ¼ x� k � u ! xð1� u=cÞ: ð6:11Þ

The last expression is for the particles with velocity parallel or antiparallel to the
optical wave vector k; the former causes red-shift as (1 − u/c), and the latter causes
blue-shift as (1 + u/c). Therefore, the same particles but moving differently will
thus absorb different frequency photons corresponding to their velocities; and the
absorption line is thus broadened; particles with different velocities give different
contributions to the line shape. Such a mechanism is called the inhomogeneous
broadening. Taking Doppler Effect into account, the term (x − x0) in (6.8) and
(6.9) should be replaced by ðx� k � u� x0Þ.

The population should be resolved according to Maxwell–Boltzmann distribu-
tion, expressed as

fiðuiÞ ¼ 1
up

ffiffiffi
p

p exp
�u2i
u2p

; ð6:12aÞ

f ðuÞ ¼ 4u2

u3p
ffiffiffi
p

p exp
�u2

u2p
; ð6:12bÞ

where uiði ¼ x; y; zÞ is the three components of velocity, and u ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2x þ u2y þ u2z

q
.

The velocity with the maximum probability is up ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT=m

p
, where kB is

Boltzmann constant, T is temperature in Kelvin, m is the mass of particle.
When an optical wave in z-direction propagates in the gas, the number of

particles absorbing photons is dependent on their velocities uz. Substituting
uz = (x − x0)/k into (6.12a, 6.12b), the absorption line is broadened in a Gaussian
shape of
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aðxÞ / 1
DxG

exp
�ðx� x0Þ2
ðDxGÞ2

; ð6:13Þ

where DxG ¼ kup ¼ xup=c / x
ffiffiffiffiffiffiffiffiffi
T=m

p
is the half width at 1/e amplitude, the

FWHM linewidth is Dx1=2 ¼ 2DxG

ffiffiffiffiffiffiffi
ln 2

p
. With the Lorentzian line of static par-

ticles, the composed line is the convolution of two line shapes, i.e., the Voigt line,
expressed as

azðxÞ ¼ a0
c2

4up
ffiffiffi
p

p
Z1
0

expð�u2z=u
2
pÞduz

ðx� x0 � kuzÞ2 þðc=2Þ2ð1þ I=IsÞ
: ð6:14Þ

The inherent absorption line of gas particles is usually very narrow but the
measured line is much wider than the inherent linewidth due to Doppler broad-
ening. For example, the Doppler broadened line of rubidium (Rb) vapor is mea-
sured around 500 MHz at room temperature, while its inherent linewidth is less
than 10 MHz. Inherent lines are buried in a Doppler broadening envelope,
impossible to be resolved; the case is even worse for the ultra-fine spectral
structures.

Combination of Doppler broadening, collision broadening, and natural line will
generate different line shapes in different cases related to gas pressure or particle
density and so [9]. This book will not go further in details here.

(2) Saturated Absorption Spectroscopy

When the frequency of an optical wave propagating in the gas is x = x0 + kuz,
the photons will be absorbed by the particles with velocity uz. The population at the
ground state will thus be decreased; the original Gaussian spectrum will be
deformed with a hole at the correspondent frequency. Such a hole burning of gain
spectrum is termed Lamb dip in laser physics [10, 11]. The idea of saturated
absorption spectroscopy is based on the similar effect; that is, to decrease the
population at the ground state by injecting a laser beam (pump) strong enough and
with correspondent frequency, and to detect the inherent absorption line generated
by the particles moving perpendicular to the direction of pump beam by a weak
laser beam (probe). The probe beam should be parallel or reverse parallel to the
pump beam, so that no more Doppler shift occurs.

When the pump of frequency x1 and intensity I1 is injected into the medium, its
population is changed; the population difference between the upper and down levels
becomes

DN ¼ DN0
ðx1 � x0 � k1 � uÞ2 þðc=2Þ2

ðx1 � x0 � k1 � uÞ2 þðc=2Þ2ð1þ I1=IsÞ
: ð6:15Þ
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The contribution of particles of velocity u to absorption of probe with frequency
x2 is

auðx1;x2Þ / DN0½ðx1 � x0 � k1 � uÞ2 þðc=2Þ2�
ðx1 � x0 � k1 � uÞ2 þðc=2Þ2ð1þ I1=IsÞ

ðc=2Þ2
ðx2 � x0 � k2 � uÞ2 þðc=2Þ2 :

The absorption coefficient is obtained by an integral along the velocities:

aðx1;x2Þ ¼ 1
p3=2u3p

ZZZ
auðx1;x2Þe�ðu2x þ u2y þ u2z Þ=u2pduxduyduz: ð6:16Þ

Usually the pump and the probe of same frequency are used, and are tuned
simultaneously; they propagate in the same or reverse direction. Expression (6.16)
is then reduced to [6]:

aðxÞ /
Z1
0

½ðx� x0 � kuzÞ2 þðc=2Þ2�e�u2z =u
2
pduz

½ðx� x0 � kuzÞ2 þðc=2Þ2ð1þ I1=IsÞ�½ðx� x0 � kuzÞ2 þðc=2Þ2�;

ð6:17Þ

where sign – of � corresponds to unidirectional pump and probe, and sign + for
counter directions. In case the inherent linewidth is much smaller than the Doppler
broadened linewidth, c � kup, the Lorentzian line shape can be approximated as a
delta function [6]:

c

p½ðx� x0 � kuzÞ2 þ c2� � dðx� x0 � kuzÞ: ð6:18Þ

When the probe and pump are in counter directions, kuz � x0 � x, (6.17) is
further reduced to

aðx; I1Þ / 4ðx� x0Þ2 þðc=2Þ2
4ðx� x0Þ2 þðc=2Þ2ð1þ I1=IsÞ

exp
�ðx� x0Þ2

Dx2
G

: ð6:19Þ

Therefore the line measured by probe shows a Lorentzian dip in the Doppler
broadened Gaussian line profile; and the downward Lorentzian line is the inherent
absorption line with effect of intensity broadening. It is necessary to acquire the
quantitative relation and to optimize the pump power. Formula (6.19) is rewritten as
aðxÞ / ½ðx2 þ 1Þ=ðx2 þ aÞ� expð�bx2Þ with x ¼ 4ðx� x0Þ=c; a ¼ 1þ I1=Is and
b ¼ c2=ð2Dx2

GÞ, as depicted in Fig. 6.2.
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By approximating expð�bx2Þ � 1 near the peak, the minimum is obtained as

Daðx0Þ ¼ aðx0; 0Þ � aðx0; I1Þ / 1� 1
a
¼ I1

I1 þ Is
: ð6:20Þ

The FWHM linewidth of absorption line (the dip) is just the Doppler-free
intrinsic width but broadened by intensity saturation effect, expressed as

Dxs ¼ ðc=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ I1=Is

p
ð6:21Þ

The curvature at the peak is obtained as

@2a
@x2

����
����
x¼x0

/ 2I1Is
ðI1 þ IsÞ2

: ð6:22Þ

Obviously, a larger curvature is beneficial for a higher sensitivity as a frequency
discriminator. Expression (6.22) reaches its maximum at I = Is, and linewidth of
Dxs ¼ c=

ffiffiffi
2

p
will be measured.

The above discussion describes the basic principle and main characteristics of
saturated absorption. In practice, many complicated factors will affect the experi-
mental results, such as multiple lines may be covered underneath the Doppler
profile. The undistinguishable lines can then be separated clearly by the saturated
absorption spectroscopy [1, 2].

In the above scheme, the probe beam direction is taken opposite to the pump
beam. When two beams propagate in the same direction, (6.17) will be reduced to
the same as (6.14), remaining Doppler broadening unchanged. In such a configu-
ration, if the pump and the probe are with different frequencies, Doppler broadening
may also be removed under certain conditions.

In hyperfine spectroscopy, the excited state may contain two or more levels, with
interval much smaller than the Doppler linewidth. In such a case, crossover
(CO) resonance transition occurs often. Suppose two levels exist with lines at x01

and x02. Under conditions of x01 = x(1 − u/c) and x02 = x(1 + u/c), a pump
beam with frequency x will be absorbed by both particles moving in opposite

Fig. 6.2 Illustration of Eq. 6.19. x ¼ 4ðx� x0Þ=c; a ¼ 1þ I1=Is; b ¼ c2=ð2Dx2
GÞ
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directions with u = c(x02 − x01)/(x02 + x01). The resonance occurs at pump fre-
quency x = (x02 + x01)/2. The absorption saturation occurs under a certain pump
level, similarly to the case of a single excited level; and a Doppler-free absorption
spectrum can thus be obtained by a weak probe beam.

6.2 Frequency Stabilization by Modulation Spectroscopy

The absorption spectrum is usually measured by modulating the optical source
wavelength. The method is widely used in frequency stabilization with an
absorption line as reference frequency. Spectroscopic systems by modulating tun-
able semiconductor laser as sources are termed the tunable diode laser spectroscopy
(TDLS).

6.2.1 Spectrum of Frequency Modulated Optical Signals

The basic concept of modulation spectroscopy is illustrated in Fig. 6.3. A frequency
modulated laser is used as probe; the power of transmission passing through the
absorbing medium is detected as signal of the absorption spectrum. The technology
has advantage of noise suppression, including noises from detector, from optical
system and electronics system, especially the 1/f noises.

The frequency modulation of a laser beam is usually implemented by modu-
lating the optical phase. Denoting the modulation frequency by X and the modu-
lation amplitude by b, the modulated phase and the transient optical frequency are
written as ΔU = b sin(Xt) and x (t) = x0 + bX cos(Xt). The frequency modulated
optical field is composed of a series of side components [12, 13]:

Fig. 6.3 a Illustration of modulation spectroscopy; b signals on the top of absorption; c absorption
line shape and its first order and second order differentials
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EðtÞ ¼ E0ejðx0tþb sinXtÞ ¼ E0ejx0t
X1
n¼�1

JnðbÞejnXt; ð6:23Þ

where Jn (b) is the n-th Bessel function.
The modulation spectroscopy is sorted into two technologies conventionally:

one is called the wavelength modulation spectroscopy (WMS) with modulation
frequency X lower than the absorption linewidth Dx; the other is the frequency
modulation spectroscopy (FMS) with X � Dx or X[Dx [12]. Physically, the
wavelength is equivalent to the frequency, no difference between them in principle.
However, because the noises of laser and detector, and their frequency response, are
functions of modulation frequency, and the materials to be analyzed have different
properties, the two technologies have different features and different applicable
objects. Generally higher modulation frequency is beneficial for suppression of
source noise and detector noise, but higher frequency responses of source and
detector are needed. On the other hand, modulation frequency should not be too
high to cover two or more absorption lines. In comparison, WMS has an advantage
of low cost, since high response devices are not required. In a modified FMS, two
different modulation frequencies are used simultaneously, so that the demodulated
frequency is reduced to their beat frequency and the response requirement of
detection and data processing is lowered [13].

The frequency modulation amplitude dx = bX should be much smaller than the
absorption linewidth Dx to obtain a highly precise measured line, dx/Δx � 1.
Therefore small phase modulation amplitude b � 1 is required in FMS. According
to the approximations of Bessel function JnðbÞ � ðb=2Þn=n!, the higher order terms
in (6.23) can be neglected, written as

EFMSðtÞ � E0ejx0tð1þ jb sinXtÞ: ð6:24Þ

In WMS with X < Δx, larger phase modulation amplitude is used with b * 1
or b > 1 to maintain dx and detected signal large enough.

The spectrum is actually measured by detecting the signal transmitted from an
absorption cell with length of l. In case nonlinear optical effects is neglected,
transmission of the cell obeys Beer–Lambert law:

IðxÞ ¼ Iin exp½�aðxÞl� ¼ Iin exp½�zðxÞ�; ð6:25Þ

where z ¼ aðxÞl is the optical depth. Therefore the line shape of transmission is
different from that of absorption line. For an absorption line with Lorentzian profile
the optical depth is written as

z ¼ apl

1þðx0 þ dx cosXt � xpÞ2=ðDxÞ2
¼ z0

1þðxþm cosXtÞ2 ; ð6:26Þ

176 6 Frequency Stabilization of Semiconductor Lasers



where ap;xp and Dx are the peak absorption and peak frequency and absorption
linewidth; x ¼ ðx0 � xpÞ=Dx and m ¼ dx=Dx. In the measurement laser fre-
quency x0 is linearly scanned around the absorption line xp with a speed much
lower than the modulation frequency. The optical depth is expanded as a Fourier
series [14–20]:

z ¼ z0
1þðxþm cosXtÞ2 ¼ z0

X1
n¼0

Sn cosðnXtÞ

Sn ¼
jn½ð1þ jxÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ jxÞ2 þm2

q
�n

mn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ jxÞ2 þm2

q þ c:c:

8><
>:

9>=
>; 1� dn0

2

� �
:

ð6:27Þ

Approximations of the first three coefficients Sn at the line peak are given as

S0 � 1

ð1þm2Þ1=2
� x2

2ð1þm2Þ5=2
S1 � �2mx=ð1þm2Þ3=2

S2 � �2ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

p � 1Þ2
m2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

p þ 2ð1þ 3m2Þ
m2ð1þm2Þ5=2

x2:

ð6:28Þ

Under condition of m � 1, the transmission of absorption cell is reduced to:

e�z ¼ e�z0S0
X1
k¼0

1
k!

X1
n¼0

Sn cosðnXtÞ
 !k

� e�z0S0 ½1þ S21=4þ S1 cosXtþðS2 þ S21=4Þ cos 2Xt�:
ð6:29Þ

The first order component of modulated spectrum in (6.29) is proportional to the
frequency deviation: S1 ¼ 2dxðxp � x0Þ=ðDxÞ2; it is thus to be used as an error
signal for feedback control. The odd number order components will equal to zero
when the laser frequency x0 is scanned around the line peak xp; while the second
order component is S2 � �m2=2, as shown in Fig. 6.3b. Figure 6.3c gives the first
order and second order signals of a Lorentzian line.

When the gas pressure is high, Gaussian and Voigt lines may be the better
description. The practical absorption lines may not be expressed as an analytic
function. Tailor series or Fourier series are then used for a general line and even for
overlapped lines. Taking dispersion into account, the transmission has a phase
factor: TðxÞ ¼ exp½juðxÞ � zðxÞ=2�. The transmitted optical field is generally
expressed as [13]:
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Eout ¼ E0ejx0t
X1
n¼�1

JnðbÞ exp½jnXtþ jun � zn=2�; ð6:30Þ

where un ¼ uðnXÞ and zn ¼ aðnXÞl are their n-order components. The output
intensity is

Iout ¼ E0j j2
X1

k;l¼�1
JkJl exp½jðk � lÞXtþ jðuk � ulÞ � ðzk þ zlÞ=2�

¼ I0
X1
n¼0

Kn cosðnXtÞ: ð6:31Þ

If the phase difference ðuk � ulÞ is small enough to be neglected, the coefficient
is reduced to

Kn ¼ 2
X1
l¼�1

Jlþ nJl exp½�ðzlþ n þ zlÞ=2�: ð6:32Þ

Formulas (6.30)–(6.32) are general mathematical expressions of modulation
spectroscopy, applicable both to FMS and WMS. The first order and second order
components of transmitted intensity are mostly concerned for the sensitivity and
dynamic range of frequency discrimination in laser frequency stabilization by
modulation spectroscopy.

6.2.2 Frequency Stabilization with Modulation

The frequency stabilized laser referring to gas absorption lines is one of the key
devices in many advanced technologies, such as high precision spectrum analyzers,
high stability frequency standards, and detections of gas specimens. The frequency
stabilized semiconductor laser based on the absorption spectroscopy is widely used
in applications due to its advantages of low cost and easy operation. For laser
frequency stabilization the current tuning and temperature tuning are often used to
adjust and to control frequency of semiconductor lasers. For ECLD, tuning is also
realized by translating the external mirror, or by rotating the planar grating. External
optical phase modulators, such as electro-optic modulators (EOM) and
acousto-optic modulators (AOM), can also be used to modulate the laser frequency.

(1) Frequency Stabilization with Saturated Absorption Spectroscopy

In the applications, such as the laser spectroscopy and the laser cooling of atoms,
the laser frequency is required to be locked at one of the fine-structure absorption
lines. It is understandable that the narrower the reference frequency the better the
frequency stabilized laser works. However, the elements, such as Rubidium (Rb,
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780 nm), cesium (Cs, 852 nm), and iodine (I2, 532 nm), are generally in gaseous
state; their absorption lines are often broadened by Doppler Effect, which must be
suppressed by the saturated absorption spectroscopy.

The typical structure of frequency stabilized semiconductor lasers with the sat-
urated absorption spectroscopy is shown in Fig. 6.4a, which is very similar to that
used by Schawlow in his original publications [1, 2]. In the system the pump beam
and the probe beam pass the gas cell in directions counter to each other with a small
angle; the signal of probe gives Doppler-free spectrum. The beam reflected from the
rear face of thicker plate passes the cell directly, giving Doppler broadened spec-
trum. The differential amplifier gives their differences as the error signal with a low
background; its first order component obtained by serve electronics is fed back to
the laser driver to adjust LD current and/or mechanical tuning components of
ECDL. Based on the same principle, different structures of frequency stabilized LD
and ECDL have been developed [21–25]. Figure 6.4b shows another structure,
where the laser frequency is modulated externally by an AOM, and the pump and
probe are in the exact antiparallel directions.

In the structure of Fig. 6.5a, the exact antiparallel pump and probe beams are
separated by polarization components. The intensity of pump beam is adjusted by
rotating the k/2 waveplate, and is converted to a circle polarized bean by the k/4

Fig. 6.4 Configurations of frequency stabilized laser modulated by driving current (a) and by
AOM (b)

Fig. 6.5 a Frequency stabilized laser with a polarization beam splitter; b structure of a compact
frequency stabilized LD. Reprinted with permission from [24]
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waveplate. The beam reflected from the prism and attenuated twice is taken as the
probe, which is converted back to a linearly polarized beam and output from PBS2
to a photodetector. Another beam gives a reference signal of Doppler broadened
line. The gas cell is magnetically shielded to prevent from Zeeman Effect induced
by external magnetic field. Figure 6.5b shows a compact frequency stabilized
ECDL [24], where the grating can be tilted by the PZT to maximize the error signal.

(2) Frequency Stabilization with Linewidth Broadening Retained

In some applications the laser frequency must be locked on an absorption line,
but its linewidth requirement is not critical. For example, detection and measure-
ment of methane (CH4) and carbon dioxide (CO2) are important topics for envi-
ronment protection. Lasers with frequency stabilized on absorption line of ethane
(C2H2, *1530 nm) and cyanic acid (HCN, *1550 nm) are needed in wavelength
division multiplex (WDM) optical communications. The line broadening by
Doppler Effect and/or by collisions may be allowed in these cases, and the system
can be simplified.

Figure 6.6a shows a typical configuration of optical path of a frequency stabi-
lized LD [26, 27]. A portion of LD output is split by a beam splitter or a fiber
coupler (BS), and is modulated by a phase modulator; and then passes through a gas
cell. The signal of modulated absorption is detected by the photodetector (PD) and
mixed with a RF source. The mixed signal is amplified in servo electronics and fed
back to adjust LD driving current. An optical isolator (IO) is inserted in LD output
beam to prevent the LD from influence of optical feedback. The modulation can
also be realized by modulating LD’s pump current, and its DC bias and temperature
of its heat-sink are used to adjust and lock the frequency, as shown in Fig. 6.6b,
where TEC stands for the thermo-electrical cooler based on Peltier effect.

The gas cell is one of the key components. It is usually made of a glass tube
fused with two optical plates with anti-reflective coating. The two plates are
intentionally designed to be deviated from parallel with each other to prevent from
Fabry–Perot effect. The cell may be heated for some metal gasses for higher vapor
density. For gasses with low absorption coefficient, long length cells are needed.
Multiple back-and-forth paths are established in a cell with mirrors, so-called White
type cavity or other modified types [28]. In recent years the hollow-core photonic

Fig. 6.6 Configurations of frequency stabilized LD by modulation spectroscopy. a With external
phase modulator; b utilizing current and temperature tuning of LD
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crystal fiber (HCPCF) shows attractive features. In HCPCF, a hollow core with
diameter of tens micrometers is surrounded by the cladding, where multiple holes
are arranged periodically in two dimensional space. Due to the photonic crystal
effect, the cladding will reflect optical waves with certain wavelengths, playing a
role of total internal reflection (TIE). The absorption gas can be filled into the
hollow core. The outer diameter of HCPCF is similar to that of ordinary optical
fiber, so that it can be bent and wound with negligible losses. It is therefore suitable
to make a gas cell with a long optical path, and with merits of compact structure and
better robustness. Its characteristics and applicability in spectroscopy were studied
and reported in Refs. [29, 30]. A semiconductor with frequency stabilized at R24
absorption line of CO2 (*1572 nm) by utilizing HCPCF as the gas cell was
reported in Ref. [31]. Of cause a series technical issues have to be solved for
practical applications, such as mitigation of harmful reflections at the two ends of
HCPCF, and its hermitic seal.

Generally the following performances are required in the frequency stabilization.

(1) A higher sensitivity of frequency discrimination, i.e., a larger slope of the first
order components of signal spectrum. It is the guarantee of lower frequency
deviation and narrower linewidth of the frequency stabilized laser.

(2) A wider range of frequency locking, which is important for finding the aimed
reference frequency as quick as possible and to reduce the possibility of
out-of-lock. It requires a larger linear range of the first order component and a
smaller second order component. However, the large linearity is contradictory
to the high sensitivity, as seen from formula (6.28); therefore a trade-off design
is needed.

(3) A fast response, which is necessary for dealing with the external disturbances,
especially of the high frequency disturbances. It is also necessary for laser
frequency sweeping, which will be discussed in the next chapter.

(4) A lower intensity noise and frequency noise induced by the optics and elec-
tronics, especially in low frequency bands. It is important for lasers working in
long terms and in complicated environment.

The stability of absorption lines of atoms and molecules is generally good
enough for most applications. But the line may be affected by temperature and gas
pressure in some situations. Related technical issues should be taken into
consideration.

6.2.3 Residual Amplitude Modulation and Its Removal

In TDLS, LD is usually modulated by its driving current. As stated in Chap. 2, its
output power will be modulated at the same time as frequency modulation, so that
the signal of frequency discrimination will be distorted by adding a parasitic signal.
Such an effect is called the residual amplitude modulation (RAM) . It may also
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occur when lasers other than LD are used, and when the laser frequency is mod-
ulated externally by electro-optic modulators (EOM) or acousto-optic modulators
(AOM) . This harmful effect has to be removed or mitigated in modulation spec-
troscopy and in laser frequency stabilization.

In case the L-I curve of semiconductor laser is approximated as a linear line
above the threshold, and the first order component of output power modulation is
considered, the transmission of modulated laser beam from absorption cell should
be written as [18–20]

TðxÞ ¼ Pout

P0
¼ ð1þmP cosXtÞ exp �z0

1þðxþm cosXtÞ2
� e�z0S0ð1þmP cosXtÞð1� S1 cosXtÞ;

ð6:33Þ

where mP ¼ gdVJDI=P0 is the normalized power modulation coefficient with
external differential efficiency of gd and current modulation amplitude of ΔI. The
frequency modulation amplitude is proportional to ΔI, so that mP / m. The mod-
ulation amplitude of first order component is modified to mP � S1 � mP � 2mx,
which does not equal to zero at absorption peak. The frequency given by zero point
will deviate from the peak by x0 � xp � mPDx=2m ¼ mPðDxÞ2=2dx. Since both
of mP and dx, are proportional to ΔI, the deviation is independent of modulation
amplitude, but is inversely proportional to the bias power P0.

Several schemes of RAM compensation were reported in journals. References
[32, 33] analyzed the RAM of LD in detail, taking the nonlinearity of L-I curve and
the phase shift between amplitude modulation and frequency modulation into
consideration. The method given by Refs. [34, 35] is shown in Fig. 6.7a, where the
modulated laser beam is divided into three, one of them is used to measure the
absorption of gas cell, the second is used as the power monitor, and the third passes
a known resonator, used as a mark of optical frequency. The measured absorption
spectrum can then be corrected in data processing.

The phase shift between the power modulation and the frequency modulation
can be utilized to compensate RAM, as shown in Fig. 6.7b [36, 37]. Besides the
power monitor and frequency marking, another reference path with a certain delay
is mixed with the absorbed beam; two outputs of 50:50 fiber coupler will give the

Fig. 6.7 Schemes of RAM compensation: a with a power monitor and a frequency mark; b with
beating a delayed beam
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sum and the difference between the two beams; and the RAM will be removed
when a proper delay is adjusted and the powers of two beams are matched with
each other by adjusting the valuable optical attenuator (VOA).

The parasitic power modulation can be avoided by external modulations, instead
of LD current modulation. Figure 6.8 shows a method by modulating the external
optical path by a PZT [38], which is equivalent to external phase modulation and
resultant frequency modulation, while the power keeps unchanged. One of its
shortcomings is probably that the modulation frequency is limited.

EOM and AOM are the widely used external modulators. Although the
accompanied power modulation by LD current is avoided, RAM may not be
removed thoroughly. For example, it may arise from the F-P effect introduced by
residue reflections at the facets of EOM and AOM crystals; the interference noises
may also generated by residue reflections at the facets of other components in the
path, and by scatterings of internal defects in the materials as well. Reference [39]
studied the temporal characteristics of RAM, and found that the photorefractive
effect is one of the mechanisms. Reference [40] found that uniformity of optical
intensity transverse distribution is one of factor related to RAM, and proposed a flat
top beam to replace the Gaussian beam. Reference [41] analyzed the effect of
overlapping between the pump beam and the probe beam on RAM.

RAM has to be characterized quantitatively. The transmission of discriminator is
expressed as Tn ¼ Tðx0 þ nXÞ; n ¼ 0;�1 for the base band and the first order
bands; the transmitted optical field and power are then written as [39, 40]:

ERðtÞ ¼ E0ejx0t J0ðbÞ
ffiffiffiffiffi
T0

p þ J1ðbÞ
ffiffiffiffiffi
T1

p
ejXt � J1ðbÞ

ffiffiffiffiffiffiffiffi
T�1

p
e�jXt

� �
; ð6:34aÞ

IR ¼ I0 J20ðbÞT0 þ 2J0ðbÞJ1ðbÞ
ffiffiffiffiffi
T0

p ffiffiffiffiffi
T1

p � ffiffiffiffiffiffiffiffi
T�1

p� 	
cosXt

� �
: ð6:34bÞ

The amount of RAM is characterized by the ratio of amplitudes of base band and
the difference of two first order sideband components:

Fig. 6.8 RAM-free scheme
by using external phase
modulation

6.2 Frequency Stabilization by Modulation Spectroscopy 183



RAM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tðx0 þXÞ

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tðx0 � XÞ

p��� ��� ¼ 2J1
ffiffiffiffiffi
T1

p � ffiffiffiffiffiffiffiffi
T�1

p� 	
=J0

ffiffiffiffiffi
T0

p
: ð6:35Þ

It can be measured by heterodyne detected signals, which gives the in-phase
component P and the quadrature component Q, and RAM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2 þQ2

p
; the phase

difference between P and Q can be utilized for further analysis.
References [42, 43] analyzed a system with two frequency modulation, X and

X/2, indicating that the phase shift between the amplitude and frequency modula-
tions is a function of modulation frequency. When the difference between the phase
shifts of X and X/2 reaches /X=2 � /X ¼ p=4, and the related modulation ampli-
tudes meet condition of AX ¼ A2

X=2=4, the RAM of �X modulations will be can-

celed each other. The property can be utilized to compensate the RAM.

6.3 Modulation-Free Frequency Stabilization

The frequency stabilization by means of modulation spectroscopy has been suc-
cessfully used in many applications, showing attractive advantages and effective-
ness. However, some shortcomings have also been noticed. Besides the complicity
related to RAM, the frequency modulation sets a limit to the laser optimal linewidth
suppression. Modulation-free frequency stabilizations are therefore developed. It is
seen from the universal Kramers–Kronig (K-K) relations that the absorption is
accompanied by index dispersion, and the dispersion spectrum has a similar
behavior to the first order differential of absorption spectrum. Based on the prop-
erty, the polarization spectroscopy and the interference discrimination were pro-
posed and developed. Another scheme called the magnetic dichroism was also
developed successfully based on Zeeman Effect. Optical negative feedback is
another modulation-free method. This section is engaged in these technologies.

6.3.1 Frequency Stabilization by Polarization Spectroscopy

The polarization spectroscopy was developed based on the index dispersion spec-
trum around absorption lines [44]. Its basic structure seems similar to that of the
saturated absorption spectroscopy, as shown in Fig. 6.9. The main difference is that
the pump of absorption medium is now a circularly polarized beam, generated by
the quarter wavelength plate (QWP), instead of a linearly polarized beam.

Its mechanism relates to the basic quantum mechanics principles of transitions.
Electrons possess both of spin angular momentum and orbital angular momentum;
electron transitions obey not only the energy conservation, but also the angular
momentum conservation. The photons possess also spin angular momentum with
values of ��h, corresponding to left and right circularly polarized waves,
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respectively [45]. The linearly polarized wave contains equally photons with the
opposite angular momentum, whereas the circularly polarized wave contains pho-
tons with the same angular momentum. The left or right circularly polarized pump
photons will be absorbed by electrons with correspondent spin state rþ or r�,
leaving electrons with the other spin state at the ground. When the pump is strong
enough, absorption saturation will occur for one of the two states. Different
absorption coefficients a� and different index n� will be measured by two circularly
polarized probes. The Doppler broadening can thus be removed in the same way as
stated in the saturated absorption spectroscopy.

The linearly polarized probe beam can be written as a sum of left and right
circularly polarized beams [44, 46]:

E0 ¼ E0
cosu
sinu

� �
¼ E0

2
1
j

� �
e�ju þ 1

�j

� �
eju


 �
: ð6:36Þ

The transmitted wave from the absorption cell is

E1 ¼ E0

2

1

j

� �
e�juejðnþ kþ jaþ =2ÞL þ 1

�j

� �
ejuejðn�kþ ja�=2ÞL


 �

¼ E0

2
ejðnkþ ja=2ÞL 1

j

� �
e�jðu�UÞ þ 1

�j

� �
ejðu�UÞ


 �
:

ð6:37Þ

where
U ¼ ðDnkþ jDa=2ÞL;Dn ¼ ðnþ � n�Þ=2;Da ¼ ðaþ � a�Þ=2; n ¼ ðnþ þ n�Þ=2,
a ¼ ðaþ þ a�Þ=2. Dnk ¼ xDa0=½2ð1þ x2Þ� and U ¼ ðxþ jÞDa0L=½2ð1þ x2Þ� are
obtained from K-K relation, where x ¼ 2ðx0 � xÞ=c. With U ¼ Ur þ jUi, (6.37) is
then rewritten as

E1 ¼ E0
coshUi cosðu� UrÞþ j sinhUi sinðu� UrÞ
coshUi sinðu� UrÞ � j sinhUi cosðu� UrÞ

� �
ejðnkþ ja=2ÞL: ð6:38Þ

Fig. 6.9 Basic structure of polarization spectroscopy: a with perpendicular polarizers; b with
polarization beam splitter
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The power transmitted from the polarizer is obtained [44, 46]:

I2 ¼ E2
0½cos2ðu� UrÞþ sinh2 Ui�

¼ I0½sin2ðhþUrÞþU2
i þ sinh2 Ui�

� I0ðh2 þ 2UrhþU2
r þU2

i Þ / I0hx=ð1þ x2Þ;
ð6:39Þ

where the perpendicular principal axis is set at u + p/2 + h, and h is an adjustable
angle deviation, The approximation above is for the case of h + Ur � 1, which is
usually valid. It is seen that the signal behaves similar to the derivative of a
Lorenzian absorption line to be used as a frequency discriminating signal, while the
laser is not modulated.

The scheme of Fig. 6.9b uses a polarization beam splitter (PBS) to decompose
the transmitted wave, and then to differentiate the detected signals [46]:

I ¼ Ix � Iy ¼ I0e�aL cosð2uþ 2UrÞ
! I0e�aL sin 2Ur � I0e�aLDa0Lx=ð1þ x2Þ; ð6:40Þ

where the last two expressions are for the polarization adjusted at u ¼ p=4; and a
frequency discriminating signal is thus provided.

It is seen from the optical path configurations in Fig. 6.9 that the Doppler
broadening has been removed. References [46–49] reported experimental results of
frequency stabilizations of semiconductor lasers at 85Rb and 87Rb lines by means of
polarization spectroscopy successfully. The laser in the technology is with high
precision and suitable for analyses with fine spectral structure involved, very useful
in researches of cooled atoms and other applications.

6.3.2 Frequency Stabilization with Sagnac Interferometer

Sagnac interferometer is well known as a basis of optical gyroscope. It is composed of a
common loop and a beam splitter, giving interference output of optical beams propa-
gating in clockwise (CW)and counter clockwise (CCW)directions. If an absorptioncell
and a neutral optical attenuator are inserted in the loop, the CW and CCW beams in the
cell will have different intensities, and can be used as a pump and a probe, respectively,
in the saturated absorption spectroscopy, as shown in Fig. 6.10a, b [50, 51].

The pump beam and the probe beam experience not only different absorptions in
the cell, but also different phase shifts due to the different index. A phase difference
of p/2 exists between the reflection and the transmission of the beam splitter (BS);
the output of Sagnac interferometer is expressed as:

E1 ¼ E0ðt2ej/1 � r2ej/2ÞejkL; ð6:41Þ

186 6 Frequency Stabilization of Semiconductor Lasers



where t2: r2 is the split ratio of BS, L is the length of loop, /1 and /2 are the phase
shifts of pump and probe in the cell, respectively. The output power is

I1 ¼ E1j j2¼ I0½ðt2 � r2Þ2 þ 4t2r2 sin2ðD/=2Þ�; ð6:42Þ

where D/ ¼ /2 � /1; /1;2 ¼ ðn1;2 � nÞkl / a1;2x1;2l=2ð1þ x21;2Þ with
x1 ¼ 2ðx0 � xÞ=DxG; x2 ¼ 2ðx0 � xÞ=DxL, and the cell length l. ΔxG is the width
of Gaussian line for pump beam, and ΔxL is the width of Doppler-free line for probe
beam. Because ofΔxG 	 ΔxL, approximation ofD/ ¼ /2 � /1 � a2x2l=2ð1þ x22Þ
is given, by the similar analysis above for polarization spectroscopy.

It is seen from (6.42) that the signal is now proportional to x22, which appears to
be a sensitivity dead region near the absorption peak, unable to be used as a
frequency discriminating signal. Several schemes were proposed to overcome the
difficulty. In Fig. 6.10a, Ref. [50] built an interferometer with the optical path
deviated in a certain degree so that a first order transverse mode is generated in the
loop, besides the fundamental mode. The interference between the fundamental
mode and the first order mode results in two lobes for E00 þ E01j j and E00 � E01j j,
and detected by a quadrant photodetector (Q-PD). The difference of detected signals
gives a frequency discriminating signal of I1 � I2 / x2.

Reference [51] proposed another approach to introduce a phase bias, as shown in
Fig. 6.10b. The scheme utilizes the polarization property of Fresnel reflection, i.e.,
the phase difference between two incident waves with polarization perpendicular
and parallel to the incident plane is generated by the total internal reflection (TIR):
Dd ¼ 2 tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2=n2

p
for incident angle of 45° and refractive index n [3]. For

ordinary glasses, n � 1.51, Δd � 40° are obtained, higher phase difference can be
obtained if glass with higher index is used. In the loop of Fig. 6.10b, the pump
beam is polarized parallel or perpendicular to the incident plane, and the polar-
ization of probe beam is rotated 90° by the half wavelength plate (HWP2). The
phase factor in (6.42) is now replaced by D/ ¼ /2 þDd; the working point of the
interferometer is then from zero to Δd, and the dead region is avoided. The output IA
is proportional to I1 of (6.42) with attenuations taken into account, used as the
frequency discrimination signal; IB gives the absorption spectrum with Doppler

Fig. 6.10 Sagnac interferometers: a with fundamental mode and first order mode detected
separately; b by utilizing phase difference between polarizations in total internal reflection
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broadening, used to deduct the background in data processing. The HWP1 is to
adjust the power amount entering the discriminator.

Reference [52] utilized the phase shift of p=2 between the two linearly polarized
components of a circularly polarizedwave to set theworking point of interferometer at
the quadrature. Figure 6.11a shows its structure, where the laser beam is converted by
a quarter wavelength plate (QWP) to a circularly polarized beam before entering
Sagnac loop: E ¼ E0½ 1 j �T= ffiffiffi

2
p

. The Sagnac loop is composed of a polarization
beam splitter (PBS2) and two reflectors, and with a cell and an attenuator inserted, to
make the two counter direction propagating beams as pump and probe. It is necessary
to notice that it is different from the conventional Sagnac interferometer, since the CW
and CCW beams do not interfere with each other at the PBS; they pass the PBS
separately and interfere at PBS3 with polarizations rotated by HWP2.

The beam transmitted from PBS2 is an elliptically polarized wave:

E1 ¼ E0ffiffiffi
2

p ej/1�a1L=2

jej/2�a2L=2

� �
ejkL ¼ E0ffiffiffi

2
p e�DaL=2

jejD/

� �
ej/1�a2L=2ejkL: ð6:43Þ

Its principal axis is rotated h by HWP2; the optical field changes to

E2 ¼ E0ffiffiffi
2

p e�DaL=2 cos 2hþ jejD/ sin 2h
e�DaL=2 sin 2h� jejD/ cos 2h

� �
ej/1�a2L=2ejkL: ð6:44Þ

After beam split at PBS3, two detected signals are given:

IA ¼ I0
2

e�DaL cos2 2hþ sin2 2hþ e�DaL=2 sinD/ sin 4h
h i

e�a2L

IB ¼ I0
2

e�DaL sin2 2hþ cos2 2h� e�DaL=2 sinD/ sin 4h
h i

e�a2L:

ð6:45Þ

Fig. 6.11 a Discriminator with a polarization beam splitter Sagnac loop. b Error signal of 87Rb
saturated absorption line. Reprinted from Ref. [52] with permission
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IA þ IB ¼ I0ð1þ e�DaLÞ=2 and IA � IB ¼ I0e�DaL=2 sinD/ sin 4h are then obtained.
The latter is just the frequency discriminating signal of saturated absorption; when
the angle of HWP2 is adjusted to h ¼ p=8, the error signal is maximized.

Figure 6.11b gives the measured error signal for 87Rb saturated absorption when
the ECDL is tuned, showing a series of transitions from level 5S1/2 (F = 2) to level
5P3/2 (F′ = 3, 2, 1) and to crossover (CO) resonance level 5P3/2 (F′ = 1–2, 1–3, 2–3).
Figure 6.12a shows the transmission signal of at transition of 87Rb 5S1/2 (F = 2) to
5P3/2 (COF′ = 2–3), and its derivative as error signal. Figure 6.12b is the error signals
in free-running state and in locked state, demonstrating the effectiveness of frequency
stabilization.

6.3.3 Frequency Stabilization by Magnetic Dichroism

It is well known that under the external magnetic field B, the absorption line of
atoms will split as �hx ¼ �hx0 � mJglBB, where mJ ¼ �J;�Jþ 1; . . . J, and
J stands for the total angular momentum of atom, lB ¼ �he=ð2meÞ is the Bohr

Fig. 6.12 a Transmission signal of Rb absorption cell and its derivative as error signal. b Error
signals before and after frequency stabilization. Reprinted from Ref. [52]

Fig. 6.13 a Levels and transitions of Zeeman Effect. b Absorption spectra for mJ = 0, ±1, and
the difference of mJ = ±1 spectra
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Magneton, and g is the Lande factor. It is so-called Zeeman Effect. For most of the
first order excited states, J = 1, and correspondent three lines have the same line
shape, as shown in Fig. 6.13a, b.

The photons absorbed by the three transitions must have different angular
momentums to obey the momentum conservation law. In other words, the transi-
tions of mJ ¼ �1 states require photons with the left or right circular polarizations,
respectively, marked by r� in the figure. Such a phenomenon is called the
magneto-induced dichroism. It is seen from Fig. 6.13b that the difference between
spectra of mJ ¼ �1 passes zero at the absorption peak, so that it can be used as a
discrimination signal. Such a function is valid both for Doppler broadened lines
[53] and for Doppler-free lines [54–57]. Figure 6.14 shows a typical structure of a
frequency stabilized laser based on the magnetic dichroic effect, where the
absorption cell is placed inside an artificial magnetic field parallel to the beam
direction.

The linearly polarized probe beam is regarded as a sum of left and right cir-
cularly polarized waves; they suffers absorptions with different peak positions,
giving transmitted beam of

E1 ¼ E0
1
j

� �
e�aþ l=2 þ 1

�j

� �
e�a�l=2


 �
¼ E0

e�aþ l=2 þ e�a�l=2

jðe�aþ l=2 � e�a�l=2Þ
� �

: ð6:46Þ

Passing through a quarter wavelength plate (QWP) with Jones matrix of

1
2

1þ j 1� j
1� j 1þ j

� �
, it is converted to an elliptically polarized beam

E2 ¼ E0
ð1þ jÞe�aþ l=2

ð1� jÞe�a�l=2

� �
, and then split by PBS2 to give signals of optical

intensity to be detected:

IA ¼ I0 exp½�aþ ðxÞl� � I0½1� aþ ðxÞl�
IB ¼ I0 exp½�a�ðxÞl� � I0½1� a�ðxÞl�:

ð6:47Þ

Their difference gives an error signal for frequency discrimination.
The frequency stabilization by magneto-dichroism has attractive merits. In the

scheme of Ref. [53] the magnetic field is modulated sinusoidal with noise and drift

Fig. 6.14 Structure of a
frequency stabilized laser
based on magneto dichroic
effect
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out of the frequency band suppressed in data processing, while the laser keeps
modulation-free with the related RAM avoided.

Inspired by the idea, Refs. [58, 59] used an AOM to generate two side bands of
x� xAO. The differential of measured absorption spectra corresponding to the two
frequencies gave an error signal similar to that of dichroism. Reference [60] used a
pump beam inclined to the cell to generate different absorption spectra with dis-
placed saturated dips, giving also a similar error signal. These frequency discrim-
ination schemes do not need to modulate the laser to be stabilized. It is believed that
novel techniques will be developed continuously to meet the requirement of
applications.

6.3.4 Frequency Stabilization by Optical Negative Feedback

Similar to RIN suppression of semiconductor lasers by APC, as stated in Sect. 3.3.3,
the frequency noise and drift can also be suppressed by electrical feedback. The
frequency discriminator for the feedback signal is usually the edge of absorption band
of a certain medium or of a filter, which may provide a locked band in the order of
hundreds MHz, and meet the requirement of many applications, such as DWDM
optical fiber communications.

By transplanting the electrical feedback to optical domain, Refs. [61–63] pro-
posed and demonstrated a scheme of optical negative feedback to stabilize laser’s
frequency at the edge of absorption line. The optical path looks similar to an
external cavity laser, as shown in Fig. 6.15a [64, 65], where a gas cell and an
attenuator are inserted in the external path with the roundtrip beams as the pump
and probe for saturated absorption. The difference from ECDL is that a quarter
wavelength plate (QWP) is inserted in the path, so that the polarization of returned
wave is perpendicular to that of laser mode; it does not interfere with the laser
mode. The method is thus called also the non-coherent feedback. On the contrary,
the feedback enhances the intensity of non-lasing mode, and consumes more

Fig. 6.15 a Structure of a frequency stabilized laser with optical negative feedback. b Result of
frequency stabilization on cesium lines
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populations. Therefore it is a negative feedback for the lasing mode. The variation
of carrier concentration will change the frequency of laser oscillation, which can
then be used for frequency stabilization.

The feedback process can be analyzed by using laser’s rate equations. The power
of feedback into the cavity is denoted as DP ¼ g?ðxÞP, where the coupling effi-
ciency g? is a function of frequency due to the gas cell absorption, its subscript
stands for perpendicular polarization. The feedback induces carrier concentration
change, determined by

dN
dt

¼ J
ed

� NþDN
ssp

� vggNðNþDN � NtÞðPþDPÞ ¼ 0: ð6:48Þ

Neglecting the product DN � DP, the carrier concentration change is obtained:

DN ¼ � vgsspgDP
1þ vgsspgNP

¼ � vsspgg?ðxÞ
1þ vgsspgNP

P: ð6:49Þ

Taking the frequency fluctuation Dx ¼ x� �x into account, the mode frequency
is written as x ¼ Mpc=ðnLÞþDx for F-P cavity LD, and x ¼ 4pc=ðnKÞþDx for
the DFB-LD. The frequency fluctuation is now rewritten as Dx ¼ dxDN þ dx, the
sum of that induced by feedback and that without feedback, which should be
zeroed in frequency stabilization. From dxDN ¼ ð@x=@nÞð@n=@NÞ DN ¼ �ð�x=nÞ
ð@n=@NÞDN ¼ �dx, it is required that

@N
@x

¼ n
�x

@n
@N

� ��1

¼ � vsspgP
1þ vgsspgNP

@g?ðxÞ
@x

ð6:50Þ

With the coupling efficiency written as g? ¼ gc exp½�aðxÞl�, its derivative over
frequency is @g?=@x ¼ �g?la0ðxÞ. Since @n=@N\0, a negative a0ðxÞ is thus
required. Therefore, the frequency to be stabilized should be located at the decline
edge of absorption line in frequency domain.

Figure 6.15b shows the result of an LD with frequency stabilized on absorption
line of cesium [65], where the abscissa is for the LD pump current, corresponding to
optical frequency scan. The saturated absorption curve was measured out of locking.
When the laser was stabilized, the frequency is locked at crossover resonance peak of
CO35 and CO45, where the power detected by PD monitor shows a little change,
whereas it drops suddenly when the frequency scanned too far from the decline edges
of the absorption line. With the optical negative feedback, the linewidth of DFB-LD
was reduced by 40, and the frequency drift was reduced by 14.

The optical negative feedback does not rely on electrical circuit. Its response is
determined by the roundtrip time in the external optical path. The response of
electrical feedback is limited not only by electronics, but also by the packaging of
LD. Especially, the response of high power lasers, working on CW or QCW, is very
low, so that the result of electrical feedback stabilization is often not satisfactory.
The merit of optical negative feedback is then attractive.
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Compared with stabilizations with frequency locked at the line peak, the dis-
crimination at line edge has a shortcoming, i.e., a wider uncertainty range of fre-
quency exists. Besides, the carrier concentration change due to the optical feedback
will cause output power fluctuations.

6.4 Pound–Drever–Hall (PDH) Frequency Stabilization

In the research and development of microwave technology during 1940, R.V.
Pound proposed a frequency stabilization method with a high Q resonator [66]. In
1980, R.W.P. Drever and J.L. Hall transplanted the idea to the stabilization of laser
frequency [67], established an effective frequency stabilization method termed
Pound–Drever–Hall (PDH) method. It is widely used in related applications,
especially for extremely precise frequency standards [68–72].

6.4.1 Basic Principle of PDH Method

The resonator used as frequency discriminator in PDH is a Fabry–Perot (F-P) cavity
composed of two high reflective mirrors. Its characteristics are introduced in
Sect. 5.4.1. Its resonant peaks have very narrow lines and Lorenzian-like shape near
the top, similar to absorption lines of atoms. Compared with the fixed absorption
lines of atoms, it has an important advantage: the resonant frequencies are deter-
mined by the cavity length and can thus be designed and fabricated arbitrarily. But
F-P resonances may be affected by external conditions, such as temperature and
mechanical vibrations, not as stable as atom’s energy levels. Fortunately, due to
technological progresses, highly stable F-P cavities with extremely high finesse
have been successfully made; its linewidth is even smaller than that of most atom
absorption lines.

The transmission and the reflection have the same resonance linewidth, which
decreases with increasing of the finesse. However, high finesse means a longer
photon lifetime in cavity and longer group delay. If the transmission of F-P is used
to provide frequency discrimination signal, the response will be very slow.
Differently, the reflected beam responses to the frequency fluctuation instantly. It is
because that the F-P reflection can be regarded as sum of the direct reflection from
the front mirror and the leakage of multiple roundtrip oscillations inside the cavity:
rFP ¼ �rþ rt2ejD=ð1� r2ejDÞ with D ¼ 4pnL=k, as given in Sect. 5.4.1. The first
term gives a direct and transient response to the input wave, whereas the second
term shows high spectral resolution. At the resonances, the two terms have the same
amplitude and opposite phases, resulting in zero reflection. When the frequency of
input wave deviates from the resonance, reflection will increase immediately,
giving error signals.
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When the F-P cavity is used as a frequency discriminator, similar to the fre-
quency stabilization by spectral modulation, the laser beam to be stabilized has to
be modulated. Figure 6.16 is a schematic diagram of PDH-stabilized semiconductor
laser [68], where an external phase modulator is used to modulate the laser fre-
quency. A polarization beam splitter and a quarter wavelength plate are used as an
optical isolator to the laser, and to give discriminating signal as well. The PD
detected signal mixes with the RF phase modulation signal, which is maximized by
adjusting the RF phase shifter; and the sine component and the cosine component of
mixed signal can also be obtained by adjusting the phase shifter, respectively. The
low pass filter (LPF) bulks high frequency components; and the amplified servo
signal is used to control the LD driver and/or the tuning mechanics of ECDL and to
lock the laser frequency on one of the F-P resonance peaks.

The process of error signal generation is described quantitatively as follows. The
phasemodulation is written asbsin (Xt). Themodulated opticalfield contains the base
bandx0 and a series of side bands, as shown in (6.23). With the side bands above the
first order neglected due to their much smaller amplitudes, the field is written as:

Ein ¼ E0 J0ðbÞejx0t þ J1ðbÞejðx0 þXÞt � J1ðbÞejðx0�XÞt
h i

¼ ffiffiffiffiffi
Pc

p þ 2j
ffiffiffiffiffi
Ps

p
sinXt

� 	
ejx0t;

ð6:51Þ

where Pc ¼ E2
0J

2
0ðbÞ and Ps ¼ E2

0J
2
1ðbÞ are powers of the carrier and the first order

band. By referring basic formulas given in Sect. 5.4.1, with x ¼ ðx� xmÞ=
ð2pmFSRÞ ¼ ðx� xmÞsc, the F-P reflectance, i.e., its transfer function, is written as:

FðxÞ ¼ rFP ¼ r½ð1þRÞðcos x� 1Þþ jð1� RÞ sin x�
1þR2 � 2R cos x

: ð6:52Þ

The amplitude and power of reflected wave are then obtained to be [69]

Eref ¼ Fðx0Þ
ffiffiffiffiffi
Pc

p þFðx0 þXÞ ffiffiffiffiffi
Ps

p
ejXt � Fðx0 � XÞ ffiffiffiffiffi

Ps
p

e�jXt
� �

ejx0t; ð6:53Þ

Pref ¼ Pdc þPac1 cosXtþPac2 sinXtþP2X; ð6:54Þ

Fig. 6.16 Structure of a
PDH-stabilized laser
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where P2X stands for the components of interference between the two side bands
and between the base band and the second order bands. It is much smaller than the
former terms, and can be filtered out in data processing, and omitted below in the
analysis. The DC and AC components generated by interference of base band and
first order band are deduced as

Pdc ¼ Pc Fðx0Þj j2 þPs Fðx0 þXÞj j2 þ Fðx0 � XÞj j2
� 

Pac1 ¼ 2
ffiffiffiffiffiffiffiffiffiffi
PcPs

p
Re Fðx0ÞF
ðx0 þXÞ � F
ðx0ÞFðx0 � XÞ½ �

Pac2 ¼ 2
ffiffiffiffiffiffiffiffiffiffi
PcPs

p
Im Fðx0ÞF
ðx0 þXÞ � F
ðx0ÞFðx0 � XÞ½ �:

ð6:55Þ

Expression of Fðx0ÞF
ðx0 þXÞ � F
ðx0ÞFðx0 � XÞ in (6.55) is denoted by q;
its characteristics are discussed below for cases of low (X � 2pdFP) and high
(X 	 2pdFP) modulation frequencies, respectively.

In the low modulation frequency, the transfer function of F-P is expanded as a
Tailor series in the region of X � x0 � xm and Fðx0 � XÞ ¼ Fðx0Þ � F0

Xðx0ÞX
with the higher order terms neglected. It is deduced that

q ¼ Fðx0Þ F
ðx0ÞþF0

X ðx0ÞX

� �� F
ðx0Þ Fðx0Þ � F0
Xðx0ÞX

� �
¼ Fðx0ÞF0


X ðx0ÞþF
ðx0ÞF0
Xðx0Þ

� �
X ¼ 2Re Fðx0ÞF0


X ðx0Þ
� �

X;
ð6:56Þ

and Pac2 = 0. Differentiating (6.52) gives

Pac1 � 4
ffiffiffiffiffiffiffiffiffiffi
PcPs

p X
mFSR

R sin x0
½1þ s2 sin2ðx0=2Þ�2

; ð6:57Þ

where x0 ¼ ðx0 � xmÞsc; s ¼ 2
ffiffiffi
R

p
=ð1� RÞ. A calculated Pac1 as a function of

(x0 − xm) is shown in Fig. 6.17a. It is an odd function of frequency deviation,
good to be used as an error signal. It is seen from (6.57) that the error signal
increases with the modulation frequency.

Fig. 6.17 PDH signal spectra for low (a) and high (b) modulation frequencies. Reproduced from
[69] with permission of the American Association of Physics Teachers
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In case of X 	 2pdFP, the reflectance at the resonance is near that of the front
mirror, rFP � �r, for a high finesse F-P. It is deduced that q � �j2rImFðx0Þ and
Pac1 = 0. The sine component of detected reflection signal (6.54) can be used as
error signal for frequency discrimination:

Pac2 ¼ 2
ffiffiffiffiffiffiffiffiffiffi
PcPs

p
Imq � �4

ffiffiffiffiffiffiffiffiffiffi
PcPs

p
s�1 cotðx=2Þ: ð6:58Þ

The form of (6.58) resembles the phase factor of F-P reflection, formula (5.77),
which has a negative slope at the resonance frequency and is towards infinite when
R ! 1. Figure 6.17b shows Pac2 as a function of (x0 − xm), where the upper and
down first order side bands are located at ±0.04 FSR just as an example. The steep
slope at resonances provides a very high sensitivity to the frequency deviation. The
error signal can also be expressed as [69]:

S � �8
ffiffiffiffiffiffiffiffiffiffi
PcPs

p ðx0 � xmÞ=dmFP � �Dðx0 � xmÞ; ð6:59Þ

where D ¼ 8
ffiffiffiffiffiffiffiffiffiffi
PcPs

p
=dmFP is termed the frequency discriminate (FD). It is deduced

from (6.51) that Pc þ 2Ps � P0, and D / J0ðbÞJ1ðbÞP0. The FD is proportional to
the input laser power to the cavity, and dependent on the phase modulation
amplitude. It is deduced that the maximum FD is obtained when b ¼ 1:08 [69].
Although such a large modulation amplitude is used, the second order modulation
component is still much smaller than that of the first order component:
J22ð1Þ=J21ð1Þ � 0:07. It is noticed that the above analysis of PDH under high
modulation frequency is also suitable for the frequency modulation spectroscopy
(FMS) , but their optimized parameters are different, because the purpose of PDH is
to pursuit FD as high as possible, rather than to measure the profile of resonance
line in FMS. Apart from the high error signal, higher modulation frequency is
beneficial for suppressing the 1/f noise.

The above analyses are for the ideal case without any loss and with equal
reflectance of the two mirrors. Taking into consideration the case of mirrors with
different reflectance and with losses, denoting r21 þ t21 ¼ a\1, the field and power
reflections of F-P resonator are deduced as

rFP ¼ �r1 þ ar2ejD

1� r1r2ejD
; ð6:60aÞ

RFP ¼ a2r22 þ r21 � 2ar1r2 þ 4ar1r2 sin2ðD=2Þ
ð1� r1r2Þ2 þ 4r1r2 sin2ðD=2Þ

; ð6:60bÞ

In such a case, the reflection at resonances is no longer zero, unless the following
critical condition is satisfied:

r1 ¼ ar2 ¼ ðr21 þ t21Þr2: ð6:61Þ
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The case of ar2 < r1 is called the sub-critical coupling; and the opposite case is
called over-critical coupling. The use of asymmetric F-P cavity increases flexibility
in design and fabrication of PDH system, and also provides better applicability for
different cases.

6.4.2 Technical Issues of PDH Frequency Stabilized Laser

(1) High Finesse F-P Cavity

High finesse of F-P cavity is one of the keys of PDH technology, ensuring its
narrow linewidth and high frequency discriminate and giving a large suppression
ratio of laser’s linewidth in frequency stabilization. High finesse requires the
reflectance of cavity mirrors near unity as much as possible. Reference [70] used
cavities with finesse as high as 250,000 and obtained results of frequency stabilized
laser with linewidth of 2 Hz and stability of 1� 10�15. Reference [71] used a cavity
with length of 77.5 mm and finesse as high as 300,000, and demonstrated a fre-
quency stabilized Nd:YAG laser with linewidth of 1 Hz.

(2) High Stability Resonator

The high finesse cavity must be very sable. Any minor temperature fluctuation,
or mechanical vibrations, including environmental sounds, will cause fluctuations
of cavity length and index, resulting in fluctuations and drift of resonant frequen-
cies. References [70–72] described the structure of high stability cavity, as shown in
Fig. 6.18 schematically [71]. Features of the structure are as follows.

(a) All of the cavity components, including the supporter of two mirrors and their
collimation mechanics, and the base of whole structure, must be made of
materials with ultra-low thermal expansion (ULE). Among them invar and
micro-crystalline glass are often used; and novel special materials for the
purpose are being invented and developed.

Fig. 6.18 Structure of high
stability F-P cavity. Reprinted
from Ref. [71] with
permission of Springer
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(b) The cavity should be placed inside a heat shield with high thermal conductivity,
such as copper; and the temperature of the shield is stabilized precisely, so that
the cavity is ensured with temperature fluctuations and spatial nonuniformity
negligibly small.

(c) The heat shield and its enclosure should be packaged in a vacuum container to
prevent the structure from external mechanical disturbances, and from the
influences of thermal conduction and convection. The vacuum system must use
pumps without movable components, such as the ion pump.

(d) The materials and mechanical parts, including connectors and supporters,
should be optimized to ensure strict mechanical and thermal isolations. The
cavity is set up vertically to prevent from structure deformation caused by the
earth gravity.

By using such a careful design and fabrication, the stability of PDH-stabilized
laser reaches an extremely high level of ±7 MHz/s [72].

(3) Removal of Residue Amplitude Modulation

The laser frequency modulation in PDH is mostly carried out by using external
modulator, especially EOM, no matter the laser is semiconductor laser or not.
Although the RAM induced by current modulation of LD is avoided, it still exists in
case of external modulation. Reference [73] listed possible mechanisms of RAM in
EOM.

(a) F-P interferences induced by the residue reflections of EO crystal facets, and by
scatterings inside the material;

(b) The piezoelectric effect of EOM material occurring at the same time as the EO
effect, which causes the optical beam deflection and drifting;

(c) The inhomogeneous distribution of modulating electric field;
(d) The temperature effect of optical length and the birefringence of EO crystal. As

discussed in Sect. 6.2.3, RAM will result in instability of reference frequency
and decrease of FD.

As one of the basic and main properties of EO crystals, birefringence causes the
polarization rotation, and RAM correspondingly. Reference [74] measured the
temperature effect of so-induced RAM, and found that it varied periodically with
the temperature. By controlling the temperature on the point when RAM reaches
zero, a good result with RAM less than 25 ppm was obtained. Reference [71] used
an active feedback method, where the variation of transmitted optical power of
EOM was measured, and taken as a feedback signal to control the transmission of
the acoustic optical modulator (AOM), which was placed before the EOM in their
system. Such a configuration brings about a merit that the AOM plays also a role of
optical isolator, since the frequency is shifted by AOM.

References [39, 40] pointed that RAM depends not only on the material and
environment conditions, but also on the arrangement and design of optical path.
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Some of the factors have feature of fast response, whereas others act slowly. The
photo-refraction effect may also induce RAM; it is usually a slow effect, giving
minor influence to PDH with high frequency modulation; but for long term
applications it is necessary to pay attention to its effect. References [39–43] pro-
posed various methods of RAM reduction in frequency modulation spectroscopy,
which are also useful in PDH technology.

6.4.3 Different Schemes Based on Resonant Cavities

(1) Transfer Cavity and Multiple Stage Stabilization

Oppositely to the above process of using F-P cavity to stabilize laser frequency, the
F-P resonant frequency can be locked on a laser with frequency stabilized at an atom’s
absorption line. For the purpose, a piezoelectric transducer (PZT) is used to translate
the cavity mirror position and adjust the resonance frequency. Furthermore, the fre-
quency stabilized F-P cavity can be used as a frequency discriminator to stabilize the
frequency of another laser. Their frequencies may differ from each other by using
different resonances. The F-P cavity with such a function is called the transfer cavity.
Reference [75] stabilized a 776 nm laser on a frequency stabilized 780 nm laser by
using the transfer cavity method. In addition, the work used a laser locked to a current
modulated master laser by injection locking, so that RAM was avoided.

One of the important applications of frequency stabilized lasers is to provide
time service. More advanced technologies are thus developed for the purpose, such
as two stage stabilization [70] and stabilization with combination of multiple
cavities [76]. Up-to-recent, the laser noise has been reduced to below the limitation
of thermal noise; the frequency uncertainty has been decreased to below 10−18 [77].

(2) Stabilization with Miniature and Compact Cavity

Practical applications of frequency stabilized laser require small and compact
size, and robust structures. Many designs of miniature cavity are proposed and
demonstrated experimentally [78]. Reference [79] used a spiral waveguide as a
reference frequency element, which is fabricated on silicon substrate with size near
the coin of quarter dollar. The length of spiral waveguide reaches 1.2 m, and the
quality factor (Q) up-to 140 million is obtained. The miniature cavity was used in
frequency stabilized fiber lasers based on the principle of PDH, demonstrating
linewidth of 100 Hz, and Allan deviation of 3.9 � 10−13 at 400 ls averaging time.

It is found [80] that the monolithic crystal cavity has better stability than that
composed of separated components. The crystal has very low loss in related wave-
length band, with a high Q factor; and some sophisticated structures and crafts may be
avoided, such as techniques of vacuum cavity. A single crystal silicon cavity is used in
PDH system in Ref. [81], demonstrating a sub-40 mHz linewidth laser.
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6.5 Noise Reduction by Self-mixing Interference

Self-mixing interference occurs in many cases. The external feedback into a ECDL
induces interference with the internal field; such a process is termed the self-mixing
interference, and is used to describe the characteristics of ECDL and to develop a
sensor [82, 83]. The MI and MZI can also be regarded as self-mixing interferom-
eters. Since the interference signal varies with the frequency noise of the source,
they are used in the self-homodyne and self-heterodyne methods for laser noise
measurement, as introduced in Chap. 3. The self-mixing interference signal can
also play a role of frequency discrimination to be used in frequency stabilization
[84–88]. The approach is sometime called the self-referenced frequency stabiliza-
tion [84]; it is suitable especially in frequency swept lasers, as discussed in Chap. 7.

Figure 6.19 is a typical MI configuration of laser noise reduction system; a MZI
configuration can also be used for the purpose. It is similar to the structure of
self-heterodyne system shown in Fig. 3.4b, but the PD received signal is mixed
with doubled AOM driving signal, since the frequency shift is doubled by the
roundtrip propagation. If a coupler of split ratio 50:50 is used, and the fiber loss is
neglected for simplicity, the PD detected optical power can be written as

IPD / E2
0 1þ cos Xt � x0sd � D/ðt; sdÞ½ �f g; ð6:62Þ

where E0 and x0 are the laser’s amplitude and central frequency, D/ðt; sdÞ ¼
/ðtþ sdÞ � /ðtÞ is the differential phase shift. The signal beat with the local
oscillation is then obtained:

Ibeat / cos uþx0sd þD/ðt; sdÞ½ � !/ sinð2psddmÞ: ð6:63Þ

where u is the phase shift between signal and local oscillation, and D/ðt; sdÞ ¼
2psddm with frequency noise of dm. The last expression is obtained when the
interferometer works at quadrature, i.e., ðuþx0sdÞ equals an integer multiple of p/2
by adjusting PZT in Fig. 6.19. The beat signal can then be used to control the laser’s
driver and its tuning mechanism. Its linewidth is then effectively reduced when a
close loop is established.

Fig. 6.19 Schematic diagram
of frequency stabilization by
self-mixing interference
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It is seen that a longer delay is needed for a higher sensitivity of noise detection.
Some technical problems have to be resolved in implement of this scheme in
practice, as described in Refs. [84–88]. The interferometer has to be packaged in a
box with temperature stabilized and vibration isolated to avoid frequency drifting.
High performance low noise lasers are achieved by the self-mixing interference;
e.g., the frequency noise is reduced by more than 40 dB for Fourier frequencies
ranging from 1 Hz to 10 kHz, with PSD of 1 Hz2/Hz, which is comparable to that
by PDH method [88].
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Chapter 7
Frequency Sweeping of Semiconductor
Lasers

7.1 Applications of Frequency-Swept Laser

The single-frequency semiconductor lasers and their tunability are introduced in
Chaps. 2–5. Their characteristics are discussed, but limited mainly in the static
state. As applications develop continuously, lasers are required not only with
narrow linewidth in continuous wave (cw) operations, but also in dynamic tuning
operations. The laser’s central frequency is swept in a high speed with a certain
temporal function, mostly in a linear function of time (a serrated form). The fre-
quency sweeping laser is also called the frequency agile laser or the chirped laser, in
some publications. Three methods are usually used for frequency sweeping: by the
direct current tuning of LD, by intra-cavity modulators of ECDL, and by
extra-cavity modulations.

The frequency sweeping semiconductor lasers have been used in many advanced
and important technologies. This section introduces briefly some of the examples.

(1) High-Resolution, High-Precision Optical Spectrum Analyzer.

The narrow linewidth of lasers has to be measured by self-heterodyne or
self-homodyne, as described in Chap. 3. However these methods cannot tell an
absolute spectral position of the line peak. The scanning Fabry–Perot etalon can
give a calibrated spectral position, but its resolution is usually not high enough. If a
frequency-swept narrow line laser is available with its peak being precisely cali-
brated, the line shape of the laser under test can be measured by heterodyne, as
shown in Fig. 7.1, and the exact peak frequency and linewidth can be obtained from
the spectrum of beat signal [1, 2]. Such an optical spectrum analyzer has emerged
commercially now; and its performance is being improved and developed.
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(2) High-Resolution Laser Spectroscopy.

The frequency-swept laser is a powerful tool for investigating properties of
materials, e.g., measuring precisely absorption spectra, photoluminescence spectra,
gain spectra of active medium, Raman and Brillouin spectra. These spectra will
give abundant information of material structures and physical mechanisms.
A periodically high speed swept source will greatly enhance signal-to-noise ratio
(SNR), and suitable for measuring dynamical properties of the objects. The swept
laser is also useful for high-precision sensing and metrology applications. The
interferometer with a single frequency source is usually suitable to measure
dynamic changes of optical path difference (OPD); the measurement of static OPD
may need two or more sources to eliminate uncertainty due to multiple interference
fringes. The frequency-swept laser can then fulfill both of static and dynamic
measurements [3]. It is also beneficial to real-time measurements of other param-
eters, such as displacement, velocity and acceleration of objects, information of
vibration and sound. Furthermore, the precision and sensitivity will be greatly
improved by using a swept source [4].

(3) FMCW Lidar.

Frequency-modulated continuous wave (FMCW) technology is developed ear-
lier for radars in microwave band [5]. The same principle implanted to the optical
band shows many advantages, which uses a frequency modulated laser to detect
target position precisely by mixing the local oscillation with the returned wave.
When the laser frequency is linearly and periodically swept, the beat frequency will
be proportional to the distance between target and the range finder [6]. One of the
applications is the optical range finder, which plays important roles both in military
fields and civil uses. The dependence of FMCW performance on the source char-
acteristics of swept is analyzed in [7].

(4) Distributed Optical Fiber Sensors.

By utilizing Rayleigh scattering in optical fibers the OTDR technology has been
developed and used widely in optical fiber communication systems. Rayleigh
scattering, Raman scattering, and Brillouin scattering in fibers are also utilized to
build distributed optical fiber sensors. Based on the narrow linewidth
single-frequency lasers, the coherent OTDR and the phase-sensitive OTDR (/-
OTDR) show superior advantages to those with low coherent lasers. Especially, the
/-OTDR with a temporally sequenced multi-frequency source showed

Fig. 7.1 Optical spectrum
analyzer based on a
frequency-swept laser
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ultra-broadband responses for vibration detections [8]; the /-OTDR with
frequency-swept laser pulses showed high spatial resolution [9]. Obviously, lasers
with precise tunability and high speed frequency sweeping are the precondition for
such high performance /-OTDR sensors. The FMCW technology is also implanted
to distributed optical fiber sensors to build OFDR, which has much higher spatial
resolutions [10–13].

(5) Optical Frequency Domain Imaging.

The principle of FMCW technology is also used in the optical coherence
tomography (OCT), which is to give a three-dimensional image of object covered
by diffusive media. Generally a low coherence source is used in OCT with its low
coherence distance utilized to remove the influence of diffusive scattering.
Compared with such an ordinary OCT, a frequency-swept source will greatly
improve the OCT performances on imaging speed, resolution, sensitivity, etc. The
technology is termed the optical frequency domain imaging (OFDI) [14], and a new
kind laser called Fourier domain mode locked laser (FDML) is developed [15], as
shown in Fig. 7.2. The OFDI is also used to dynamically monitor the laser ablation
of biological tissue [16]. The application of OFDI is expanded to different areas.
For example, it is used to measure the transverse mode properties of large mode
area fibers and mode content of hollow-core photon crystal optical fiber (PCF), both
of the spectral and the spatial distributions [17, 18].

(6) Optical Communications and Microwave Photonics.

The laser with high speed and wide range tunability is used both in the optical
transmitter and in coherent detection as a local oscillation optical source. In the free
space optical (FSO) communications between moving terminals, Doppler fre-
quency shift is an important effect for the optical coherent communication, which is
to be compensated in correlation detection by using a frequency-swept local
oscillator. In the communication networks, it is necessary to combine the optical
fiber communication and the wireless microwave communication. The radio over
fiber (ROF) technology and, extensively, the microwave photonics are therefore
developed rapidly [19, 20]. The frequency-swept laser plays indispensable roles in
the mutual conversions between microwave band and optical band of the data to be
transported, and of the controlling signals of the devices and systems.

Fig. 7.2 Schematic diagram
of OCT with swept source
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(7) Fundamental Scientific Researches.

The measurement and analysis of optical properties and nonlinear optical effects
of materials, especially those of newly emerged materials, are always hot spots in
the front of scientific researches, in which the laser technology, including the
frequency-swept semiconductor laser, plays important roles. Especially, the
frequency-stabilized and tunable high coherence laser is one of the dispensable
tools in the research of laser cooling of atoms and cooled atomic clock [21, 22]. The
laser beam is also used as optical tweezers to manipulate micro particles, such as
biological cells. Technical requirements of the laser used in researches on physics
of atomic systems are analyzed in [23].

The frequency sweeping can be realized by various methods. Basically three
schemes are usually used, i.e., by using LD current tuning, by using tuning com-
ponents inside laser cavity, and by using phase/frequency modulator inserted in the
beam path outside cavity. These methods are introduced in the following sections,
respectively.

7.2 Frequency Sweeping by LD Current Modulation

7.2.1 LD Current Tuning and Its Linearization

The capability of current tuning is one of the important features of semiconductor
laser. It is the simplest way of frequency sweeping. However, several issues have to
be solved for a frequency sweeping laser. One is the residue amplitude modulation
(RAM), as analyzed in Chap. 6. The second is the control of sweeping rate,
especially its linearity. In general, LD tuning rate Dm=Di is not a constant, as
discussed in Chap. 2 and in Ref. [11]. It is because the rate is determined by index
variation with carrier concentration and temperature, whereas the rates of carrier
concentration and temperature variations with the injected current are dependent on
the modulation frequency and modulation amplitude. In case of repeated sweeping
in a serrated waveform, the modulation frequencies contain infinitive components
from the base band to high order bands, expressed by Fourier series. Therefore it is
with difficulty to sweet the laser frequency linearly, especially for cases of high
modulation frequency and high modulation amplitude. The third issue is the
coherence, i.e., whether its instantaneous linewidth can keep narrow enough in the
process of frequency sweeping.

Some methods of dealing with the nonlinearity of frequency modulation
(FM) have already been proposed and demonstrated, such as pre-chirping of current
variation and data processing post-acquisitions. However, the function of
pre-chirping has to be designed beforehand for particular situations, and thus lack of
flexibility and wide applicability. The data processing post-acquisitions is a
time-consuming method, and can hardly meet the requirement of real-time
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measurement. It is necessary to develop linearly scanned FM technologies with
real-time feedback and controlling.

One of the key steps in most methods of real-time controlling is to pick up the
error signal by an interferometer. The linear frequency variation of rt corresponds to
a phase factor of /(t) = prt2; the optical field with linearly swept frequency is
written as

EðtÞ ¼ E0 exp j2pðm0tþ rt2=2Þ� �
: ð7:1Þ

The sweeping rate can be measured by using self-homodyne or self-heterodyne,
the same as that used for laser linewidth and frequency noise measurement in
Chap. 3. In the homodyne setup, the optical wave to be analyzed is split into two
beams of an interferometer with delay of s, and two waves are summed up at the
beam splitter, giving

ETðtÞ ¼ E0 p exp½j2pðm0tþ rt2=2Þ� þ q exp½j2pm0ðtþ sÞþ j2prðtþ sÞ2=2�
n o

¼ E0ej2pðm0tþ rt2=2Þ pþ q exp½j2pðm0sþ rstþ rs2=2Þ�� �
;

ð7:2Þ

where p and q stand for the field split ratio, and p2 + q2 = 1 in lossless cases. The
linewidth is supposed narrow enough with visibility of unity here. The intensity of
interference signal is

IðtÞ ¼ E2
0 p2 þ q2 þ 2pq cos½2pðm0sþ rstþ rs2=2Þ�� �

! I0
X
n

cos½2prsðt � nTÞþ/0�: ð7:3Þ

It is an oscillating signal with beat frequency of rs and phase factor of /0 = 2p
(m0s + r2/2). The second expression of (7.3) takes repeated modulations into
account. The spectrum of beat signal is given by Fourier transform with a sinc
function multiplied, expressed as [24]

~Iðf Þ / I0
sin2½pðf � rsÞðT � sÞ=2�
½pðf � rsÞðT � sÞ=2�2 : ð7:4Þ

The deviation of sweeping rate from linear or other required waveform can then
be obtained by a spectrum analyzer in data processing; and used as a feedback error
signal to adjust and control the modulation current.

In practical applications such a measurement and control should be completed in
real time. Some schemes were then proposed and demonstrated [25, 26].
Figure 7.3a shows a self-homodyne system composed of a Michelson interferom-
eter (MI). The beat signal is mixed with the required waveform (Ramp) and
feedback to control the LD driver. The homodyne is also used for spectral analysis
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in the computer. The MI can be replaced by an F-P interferometer, as shown in
Fig. 7.3b [11], where a section of fiber is connected with the fiber system, and the
low reflectivity at connections makes it as a low finesse F-P cavity. Its output
contains interference between the direct transmitted wave and the wave with a
round trip delay. The Bias-T is used to add the DC bias current and the AC
feedback current, which is widely used in LD driver. In the two schemes, the single
frequency operation is ensured by using DFB-LD, instead of an ordinary LD chip.

It is necessary to characterize quantitatively the linearity of frequency sweeping,
i.e., the deviation of swept frequency waveform from the required temporal func-
tion. Reference [26] proposed a method based on Hilbert transform. The beat signal
Exp. (7.3) is normalized as

pðtÞ ¼ IðtÞ=I0 / cos½2prðtÞstþ/0� ¼ cos½UðtÞ�; ð7:5Þ

where the sweeping rate is expressed as a function of time. The composite phase
U(t) can be solved from p(t) by using Hilbert transform. It is known that Hilbert
transform of function u(t) is its convolution with function h(t) = 1/(pt), expressed as

H½uðtÞ� ¼ ûðtÞ ¼ P
Z1

�1
uðxÞhðt � xÞdx ¼ 1

p
P

Z1

�1

uðxÞ
t � x

dx; ð7:6Þ

where P stands for the principal value of Cauchy integral. Hilbert transforms of sine
function and cosine function are H[sin(t)] = −cos(t) and H[cos(t)] = sin(t). The
phase factor is thus solved by using Hilbert transform:

UðtÞ ¼ tan�1½p̂ðtÞ=pðtÞ�; ð7:7Þ

Fig. 7.3 Linear frequency sweeping lasers, feedback controlled with homodyne (a) and fiber F-P
(b). OI: optical isolator; DAQ: data acquisition card
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the transient frequency sweeping rate is obtained as

rðtÞ ¼ 1
2ps

d
dt
tan�1½p̂ðtÞ=pðtÞ�: ð7:8Þ

Since the algorithm of Hilbert transform can be found directly from ready-made
software, it is a convenient and widely applicable method.

In addition of using a ramp electrical signal to tune the laser, Ref. [27] uses a
confocal F-P cavity to read the swept frequency of ECDL periodically, and to check
and feedback control its linearity. The sweeping period covers several F-P reso-
nances; the laser gives serrated waveform outputs with frequency varied precisely;
the laser is used in high speed phase shift interferometry.

The residue amplitude modulations (RAM), accompanied with LD frequency
modulation must be removed in most applications. The related methods are dis-
cussed in Chap. 6. Reference [28] proposed a scheme with an amplitude controller,
as shown in Fig. 7.4. The self-homodyne signal is obtained by an MZI with delay
of s. In electronics domain, a reference frequency is used to convert the beat signal
to a middle frequency band, which is beneficial for reducing 1/f noise and for more
agility. A sweeping rate as high as 100 GHz/ms was reported by such a scheme. By
using the similar technology, Ref. [29] demonstrated a linear frequency sweeping
laser with a range up to 5 THz and frequency errors deviated from linearity as low
as 170 kHz.

The effectiveness of sweeping linearization is obviously related to the response
speed of feedback control, caused by optical delay and electrical delay. The
sweeping rate and the repetition frequency are limited by the response. Especially, a
certain delay is needed in turning on of the feedback control at the starting point of
every repetition period. Obviously, the ratio of response time over sweeping period
is required as smaller as possible; the optimization of system design, including
optics and electronics is surely needed. It is conjectured that a higher beat signal
frequency is beneficial for a short response time of the control, whereas the beat
frequency can be designed by the delay of interferometer. Related mechanism and
characteristics were analyzed in detail in Ref. [5].

Fig. 7.4 Agile
frequency-swept laser with
MZI self-homodyne
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7.2.2 Linewidth Reduction of Frequency-Swept Lasers

As discussed in Chap. 3, LD frequency is very susceptible to the state of operation.
Its linewidth will be broadened by current modulation. It is required for most
applications that the laser’s coherence is maintained high enough during the fre-
quency sweeping. The interferometer for linearity characterization and controlling
can actually be used as a system of noise reduction by self-mixing interference,
which is introduced in Sect. 6.5 for a fixed single-frequency laser. Taking fre-
quency noise into account, the PD detected signal of a self-heterodyne system by
using an AOM with frequency shift f is written as

IðtÞ / I0 cos ðprs� 2pf Þtþ/0 þD/ðt; sÞ½ �; ð7:9Þ

where D/ðt; sÞ ¼ /ðtþ sÞ � /ðtÞ ¼ 2pdmðtÞs is the differential phase shift caused
by the OPD of interferometer, taking the frequency noise dm into account. The
signal is then mixed with the local oscillator in an electronic mixer, giving the
in-phase and out-of-phase beat signals of

VI / cos½prstþD/ðt; sÞþ/0�
VQ / sin½prstþD/ðt; sÞþ/0�;

ð7:10Þ

which can be used to characterize and control the sweeping linearity, and also to
reduce the linewidth, as done in frequency stabilization by self-mixing interference.

Several schemes of linewidth reduction of frequency-swept laser were proposed
and demonstrated. In the structure shown in Fig. 7.5a [30], the MZI is used as a
self-heterodyne system, where AOM plays roles of both beam splitter and fre-
quency shifter. Compared with self-homodyne, the beat signal is shifted to a middle
frequency band for suppression of 1=f noise. The phase-locked loop (PLL) is used
to demodulate the FM signal, providing error detection with higher sensitivity for
linewidth reduction. The self-mixing interference method provides compatibility for
both of frequency sweeping and linewidth reduction.

Fig. 7.5 Frequency-swept laser both with sweeping rate control and linewidth reduction:
a Feedback with self-heterodyne; b Based on polarization split interferometer
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Reference [31] proposed another method to pick up the signal related to D/,
which is based on the polarization split interferometry, as shown in Fig. 7.5b.
A polarization controller (PC) is inserted in one arm of the MZI, and a half-wave
plate (HWP) is inserted in the other arm to rotate its polarization direction. The two
outputs from BS2 pass through perpendicular polarizers (P==,P?), and detected by
photodetectors respectively:

I1 / cos½2prstþ/0 þD/ðt; sÞ� cos2 h
I2 / cos½2prstþ/0 þD/ðt; sÞþu� sin2 h; ð7:11Þ

where u is the phase shift induced by PC, and h is the rotation angle of HWP. In the
data processing, the detected signals are mixed with the digital signal of sin
(2prt + /0) and cos(2prt + /0), which are averaged over the linewidth and stored
beforehand in the field programmable gate array (FPGA) memory. In case of
u = p/2 and h = p/4, a signal proportional to laser’s frequency noise is obtained:

VðtÞ / I1ðtÞ sinð2prstþ/0Þ � I2ðtÞ cosð2prstþ/0Þ / sin½D/ðtÞ� ð7:12Þ

which can be used to feedback control the LD’s driving current and to reduce its
linewidth in real time.

It is necessary to characterize the coherence of frequency-swept laser in real
time. The methods introduced in Chap. 3 are basically for cw-working lasers, i.e.,
the spectrum is obtained by integration in a certain duration, which may cover
several sweeping periods for high speed swept lasers. The measured linewidth
should be its high limit, but it cannot tell how the linewidth changes during
sweeping. The instantaneous linewidth is not only one of the important specifica-
tions in applications but also of interest for understanding physical effect of the
frequency-swept lasers. For example, in the swept source optical coherence
tomography (SS-OCT) and the optical frequency domain reflectometry (OFDR),
the instantaneous linewidth determines the maximum detected depth or distance,
whereas the sweeping range determines the spatial resolution.

Reference [32] proposed a method for direct measurement of the instantaneous
linewidth of swept source in OCT, which is based on a snapshot of instantaneous
spectrum chopped by an EOM switch in pulse width of 1.6 ns, and scanning
synchronized with the swept waveform. The broadening of spectrum by such a
short gate exists inevitable. The wavelength range of sweeping in SS-OCT is as
large as near 100 nm in about 20 ls period, the instantaneous linewidth is in the
order of 0.1 nm, the precision of such a measurement is satisfactory.

The ordinary delayed self-homodyne method can still be used for the instanta-
neous linewidth measurement, so long as the measured spectrum can be analyzed
quickly enough. Reference [33] uses an MZI composed of a 3 � 3 fiber coupler
with delay of s to get time-resolved measurement of instantaneous linewidth in a
single shot of frequency-swept laser, as shown in Fig. 7.6. By the 120o phase shift
3 � 3 coupler, the adjustment of quadrature working point is avoided in
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demodulating the deferential phase of MZI, as discussed in Sect. 3.3; thus the
instantaneous linewidth can be interrogated quickly and continuously. In addition,
high-speed photodetectors up to 12 GHz are used in the setup, ensuring the mea-
surement reliable.

7.3 Frequency Sweeping with Intra-cavity Tuning Devices

Quite many approaches are available for frequency sweeping of external cavity
diode lasers, including methods of rotating and/or translating the external cavity
mirror or planar grating, and methods by using phase modulators inserted inside the
cavity. Besides, a beam deflector can serve the similar function to the rotation of
grating. Phase modulators based on electro-optic (EO) effect are widely used for
tuning and frequency stabilization, as stated in Chaps. 5 and 6. The properties of
EO materials and devices are introduced in details here.

7.3.1 Electro-optic Materials and Devices

Basically three kinds of materials are used to make EO modulators, i.e., the
electro-optic crystals, the liquid crystals, and the EO ceramics.

(1) EO Crystals

The electro-optic effect is the change in refractive index induced by a DC voltage
or a low frequency modulated voltage applied on the medium. The effect includes
two basic kinds: the linear EO effect and the quadratic EO effect. In the former the
index change is proportional to the applied voltage, known as Pockels effect; in the
latter it is proportional to the square of voltage in the latter, known as Kerr effect.
From relation of n2 = e/e0, the effect can be expressed by the change of dielectric
constant:

De ¼ aEex þ bE2
ex þ � � � ; ð7:13Þ

where two terms correspond to Pockels effect and Kerr effect, respectively. The
above description is valid for the isotropic media. The materials used for EO device

Fig. 7.6 Measurement setup
of instantaneous linewidth of
frequency-swept laser
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are mostly anisotropic crystals due to its high EO coefficients. The dielectric con-
stant of an anisotropic crystal is not a scalar quantity but a tensor, which relates the
electric displacement with the electric field vector as [34]:

Dx

Dy

Dz

0
@

1
A ¼

exx exy exz
eyx eyy eyz
ezx ezy ezz

0
@

1
A Ex

Ey

Ez

0
@

1
A: ð7:14Þ

The nine elements of eij must satisfy the symmetry of eij = eji, based on the
physical principle. By converting the coordinator axes to coincide with the principal
axes of crystal lattice the tensor can be reduced to a diagonal tensor, i.e., eij = eiidij,
where dij is Kronecker delta. It is indicated by (7.14) that the electric displacement
is no longer parallel to the electric vector, if eii are not equal with each other for the
three dimensions x, y, and z. Since the electromagnetic energy flow, i.e., Poynting
vector, is perpendicular to the electric vector, whereas the wavevector is perpen-
dicular to the electric displacement, the refraction direction of optical beam at the
crystal surface will depend on its polarization and the orientation to the crystal,
resulting in different refractive indexes for the ordinary wave and for the extraor-
dinary wave, termed the birefringence (double refraction). The crystal with ex ¼
ey 6¼ ez is termed the uniaxial crystal, and the crystal with ex 6¼ ey 6¼ ez is termed the
biaxial crystal. If ex ¼ ey ¼ ez, the material is isotropic.

The EO effect of an anisotropic crystal is dependent on its lattice structure. Due
to the symmetric reason of structure, Pockels effect may disappear for some crys-
tals. In addition, the EO-induced index change is dependent on direction of incident
beam, and on its polarization. Furthermore, the external field will induce certain
anisotropy in isotropic materials, called the artificial birefringence, and change the
amount of anisotropy of the anisotropic material. The birefringence is usually
described by the index ellipse with the inverse tensor of index dielectric tensor,
termed impermeability, B = e−1. Its increment induced by the external field is
expressed as:

DBij ¼ D½e�1�ij ¼
X3
k¼1

cijkEk þ
X3
k;l¼1

RijklEkEl ði; j; k; l ¼ x; y; zÞ ð7:15Þ

The coefficients above will be reduced by the symmetry of crystal structure.
Because of DBij = DBji, the 27 coefficients of Pockels effect above can be reduced
to 18; and some of them must be equal to zero for certain symmetries. The widely
used linear EO crystals include the lithium niobate (LiNbO3), lithium tantalate
(LiTaO3), KDP (KH2PO4), etc. LiNbO3 is an important crystals used mostly in laser
technology area. It has symmetry of trigonal 3m with EO impermeability matrix as
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where DBi = DBii (i = 1, 2, 3), DB4 = DB23, DB5 = DB13, and DB6 = DB12.
The EO coefficients of LiNbO3 of c13 ¼ 8:6� 10�12 m/V and c33 ¼ 30:8�
10�12 m/V have been measured experimentally; the data for other crystals can also
be found in literature [34–36].

The crystals of EO devices are mostly cut to be a cuboid with one or more edges
parallel to its principal axis, and the driving voltage is applied on two opposite
faces, as shown in Fig. 7.7. The modulating voltage is applied in z-direction of
LiNbO3 crystal, as an example, in the configuration of Fig. 7.7a; the indexes for
three directions of optical field take different values:

nx ¼ ny ¼ no � n3oc13V=ð2dÞ; ð7:17aÞ

nx ¼ ne � n3ec33V=ð2dÞ; ð7:17bÞ

where no and ne are the indexes of ordinary wave and extraordinary wave,
respectively. The beam is incident along y-direction and perpendicular to the
applied field. Formula (7.17a) is for the beam polarized in x-direction, marked as s-
component; formula (7.17b) is for the p-component. The effect occurring in such a
configuration is called the transverse EO effect.

If the beam direction is parallel to the applied field, as shown in Fig. 7.7b, the
effect is called the longitudinal EO effect. For such a device, transparent electrodes
have to be used. N.B. the directions marked in Fig. 7.7 are only for crystals with 3m
symmetry; if other kind crystals are used the cut direction has to be designed in
different way. The phase variation with the applied voltage for Fig. 7.7a structure is
obtained as:

D/ ¼ DnkL ¼ pcn30VL=ðkdÞ: ð7:18Þ

Fig. 7.7 a Transverse EO device; b Longitudinal EO device
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The performance of phase modulator is usually characterized by the half-wave
voltage, which is the voltage for the phase shift of p:

Vp ¼ kd=ðcn30LÞ: ð7:19Þ

The lower the half-wave voltage is, the lower is the working voltage, and the
lower is the device dissipation power. Therefore a smaller d and a longer L are
preferable. In longitudinal EO modulators, the optical path is just the distance
between two electrodes, so that its half-wave voltage is not dependent on the crystal
length; it is usually used in binary optics systems.

It is seen also if the polarization of incident beam is not parallel to x, or to z in
Fig. 7.7a, it will be rotating along with propagating in the crystal. The output
polarization direction is then changed, and the rotated angle depends on the applied
voltage, and on the crystal length. Such a device is used as a polarization controller.

The applied voltage can either be a DC voltage, or an AC voltage with arbitrary
waveforms. If the modulation frequency is low enough, the above formulas are
applicable. When the response of modulator is concerned, the propagation delay of
the applied AC electric field in the crystal has to be taken into consideration,
especially in high frequency modulations.

(2) Liquid Crystals

Liquid crystal (LC) is a special liquid, in which anisotropic molecules dissolve
uniformly; these molecules move freely and line up some way in the liquid. Such an
arrangement can be varied by the externally applied electric field, resulting in
changes of its refractive index. It has been used widely in variety of areas, espe-
cially in household electric appliances as displayers and indicators, such as screens
of TV, computer, and mobile phone. A simplified structure of LC displayer
(LCD) is shown in Fig. 7.8a, where “P” is a thin film polarizer, “A” is a thin film
analyzer, and LED is a light-emitting diode illuminator. Liquid crystal is a special
EO crystal used in scientific apparatus and in optoelectronics field. If the two
electrode plates are parallel with each other, the structure will become a phase
modulator. The structure of Fig. 7.8a can also be utilized as an optical switch, or as
a variable optical attenuator. If the electrodes are set up in a certain angle, as shown

Fig. 7.8 Schematic diagram of a LC displayer and b LC deflector
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in Fig. 7.8b, the spatial variation of LC index can be changed by the applied
voltage, resulting in change of refraction angle, used as a controllable light beam
deflector.

The LC device has important advantages. It needs very low working voltage; its
materials and fabrication processing are cheap. For more functions and improved
performances, various LC materials have been developed with different features,
such as nematic, chiral nematics, cholesteric, and smectics. Interested readers may
find detailed introductions in literature [35].

(3) EO Ceramics

As stated above, the crystals may have the second-order EO effect, i.e., Kerr Effect,
but it is usually much weaker than the linear EO effect. It was found that ferroelectric
materials have higher electric susceptibility. Among them, the lead lanthanum zir-
conate titanate (PLZT) ceramic has strong EO effect, and is a transparent material,
suitable to be developed as optical devices [37–39]. Since the ferroelectric domains
exist in ceramic randomly, its linear EO effect is smoothened, and only the
second-order EO effect is presented. The index response to the external electric field is

Dn ¼ n30RijE
2
ex=2 ð7:20Þ

The optimized composition of PLZT is (La0.09Pb0.91)(Zr0.65Ti0.35)O3, marked as
(9/65/35). Its index measured at 633 nm is n0 = 2.5 [37] and nearly the same value
in near-infrared band. The ceramic is isotropic macroscopically. Its Kerr coefficient
is a tensor, expressed as

R̂ ¼

R33 R13 R13 0 0 0
R13 R33 R13 0 0 0
R13 R13 R33 0 0 0
0 0 0 R44 0 0
0 0 0 0 R44 0
0 0 0 0 0 R44

0
BBBBBB@

1
CCCCCCA
; ð7:21Þ

where R44 = (R33−R13)/2. The index increment of Kerr effect is thus dependent on
the polarization of incident wave. If the polarization is parallel to the applied field
Eex, the EO coefficient is R33 in (7.20); it is R13 for the case of polarization
perpendicular to Eex. Different values of coefficients Rij of PLZT were reported in
journals, due to diversity of material compositions and processing; as examples,
R13 ¼ �0:37� 10�16 m2=V2 and R33 ¼ 2:1� 10�16 m2=V2 was measured in Ref.
[39]. It is worthy of noticing that the coefficients are not only different in values, but
also in signs.

The ceramic EO materials are beneficial for fabricating larger size component,
and have the advantage of low cost. New kinds of EO ceramics other than PLZT are
being developed, such as the lead magnesium niobate titanate (PMNT) [40].
Besides the devices with block ceramics, the ceramic waveguide devices are also
developed.
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7.3.2 Frequency Sweeping with Intra-cavity Modulator

The frequency of ECDL can be swept by modulating the EO phase modulator
inserted inside the external cavity. Figure 7.9 shows two lasers with intra-cavity
phase modulator. Structure (a) is a Littrow ECDL [41] with an EO crystal
(EOC) inserted in the cavity as a phase modulator. Structure (b) is a Littman ECDL
with a LC phase modulator inserted [42]. The index changes with the applied
voltage, and the laser’s frequency is swept.

Reference [43] reported an external cavity laser with a volume Bragg grating
(VBG) as the external mirror, working at 810 nm band, and with a PLZT phase
modulator inserted, as shown in Fig. 7.10. The frequency sweeping range of
2.5 GHz was obtained with mode hop free under voltage of 540–860 V applied on
the PLZT phase modulator. The continuous frequency sweeping range of these
schemes is limited within one mode spacing; beyond the range, mode hopping will
occur. Continuous sweeping over several modes was realized by LD current
assisted with precise control [29].

Fabry-Perot filter is often used in ECDL as a tuning component, as introduced in
Sect. 5.4.1. The laser frequency can be swept by tuning the F-P, which is available
commercially now. Figure 7.11 shows a ring cavity ECDL configured with a fiber
coupled SOA and fiber coupled F-P, which can be tuned by modulating the voltage

Fig. 7.9 a Littrow ECDL with an EO phase modulator; b Littman ECDL with a LC phase
modulator

Fig. 7.10 VBG ECDL with PLZT phase modulator
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applied to piezoelectric transducer (PZT). By such a configuration, the laser was
used in OCT satisfactorily with sweeping rate of 20 kHz and tuning range of
120 nm [44]. The length of ring cavity is usually quite long, thus the longitudinal
mode spacing is so small that the F-P resonance peak may cover several modes, not
exactly a single-frequency laser. However, it is still useful so long the envelop
linewidth is narrow enough to meet the requirement of application, such as OCT.
The phase shift fiber Bragg grating can play the same role in the ring cavity laser as
F-P filter, since it has a narrow transmission peak and can be tuned precisely, as
introduced in Sect. 5.3.2.

7.3.3 Frequency Sweeping by Intra-cavity Beam Deflection

As stated in Chap. 5, the frequency of planar grating ECDL can be tuned by
rotating the grating. The grating may be moved by two PZT both in rotation and in
straight line direction, as shown in Fig. 5.7 of Chap. 5; continuous sweeping
without mode hopping may be realized under some conditions as discussed in Ref.
[45]. The scheme proposed by Ref. [46] uses a similar structure with two PZT,
where the linearity and continuity of frequency sweeping are actively controlled by
polarization spectroscopy, and a mode-hop free tuning range up to 130 GHz was
achieved experimentally.

By using a beam deflector inserted in the cavity, the frequency of ECDL can also
be tuned with the grating fixed. A typical scheme is shown in Fig. 7.12 [47], where
an EO crystal prism is inserted in the Littrow cavity. The optical length of its cavity
is L = AB + CD + n * BC; the index of prism is varied with the applied voltage,

Fig. 7.11 An SOA ring laser
swept by a tunable F-P filter

Fig. 7.12 ECDL with EO
prism beam deflector
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Dn ¼ cn30V=ð2dÞ, where d is the thickness between two electrodes. The frequency
change is then introduced: Dm = m lDn/L, where l = BC. The index change causes
also the beam deflection change Di2 = Dh, which is determined by the prism angle
a, the incident angle i1, and the index increment. According to Snell law, the angles
in the figure satisfy relation of r1 + r2 = a; it is deduced that di2/dn = sin a/(cos r1
cos i2). The angular dispersion of grating is dkg/dh = kg/tanh, as discussed in
Sect. 5.2.1. The continuous tuning without mode hopping requires the angular
dispersion coincident with the tuning rate on cavity length, that is

di2
dn

¼ sin a
cos r1 cos i2

¼ l tan h
L

; ð7:22Þ

which gives the condition of geometrical design of components. Reference [48]
reported the experimental results of such a Littrow ECDL with sweeping linearity
controlled by feedback from a M–Z interferometer, demonstrating sweeping rate of
3 GHz/5 ls, and frequency deviation less than 100 kHz.

Reference [49] presented a beam deflector made of an EO wedge, as shown in
Fig. 7.13. The electric field inside the wedge is inversely proportional to the local
thickness, resulting in a spatial distribution of OE index with linear change in
y-direction. According to the principle of ray optics, the incident beam will propagate
in a curved way toward the higher index region. It is deduced that the resultant optical
path change is proportional to the applied voltage DL(y) * Dnl = −n3c33Vl/2h(y),
where l is the crystal length, h(y) is its thickness. The beam output from the
wedge is then deflected, and thus the incident angle to the grating is changed.
According to the lasing condition, the optical path change should be proportional
to the effective cavity length for continuous tuning without mode hopping, i.e.,
DLðyÞ / LðyÞ ¼ Lð0Þþ y tan h. It is then deduced that the wedge thickness should
meet condition of

hðyÞ ¼ hð0Þ½1� y tan h=Lð0Þ�: ð7:23Þ

In Ref. [49], a LiTaO3 wedge with c33 = 30.4 � 10−12 m/V and sizes of
40 mm � 15 mm � (1–1.51)mm was used as a deflector in a 793 nm ECDL; and
continuous sweeping range of 50 GHz, sweeping speed of 1.5 GHz/ls, and
sweeping rate of 13 MHz/V were demonstrated.

Fig. 7.13 ECDL with EO
wedge beam deflector
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A liquid crystal wedge, as shown in Fig. 7.8b, is a good beam deflector with low
driving voltage. Figure 7.14 depicts an ECDL with an LC deflector inserted in the
cavity [50]. It was reported that the tuning range of 12 nm (with mode hops) at
1550 nm band was obtained, and the side mode suppression ratio of single lon-
gitudinal mode of 30 dB was measured. The collimated beam of LD output can be
deflected by translating the collimation lens transversely. Reference [51] utilized
this plain geometric optics to build a beam deflector in a Littrow ECDL, as shown
in Fig. 7.15. Continuous tuning range of 1 nm at 780 nm band was obtained under
lens translation of 1 lm.

If the electrodes on cuboid EO crystal or EO ceramic are with a right triangle
shape, refraction at the interface of two regions will occur, where the index dif-
ference Dn between them is induced by applied voltage. Reference [43, 52] pre-
sented a Littrow ECDL with such a beam deflector, as shown in Fig. 7.16. From
Snell law, (n + Dn) sina = n sin(a + Da); usually Dn << n, then Da � Dn tan a=n.
The refraction at the right surface changes the incident angle to the grating from h to
h + a1, where a1 * sin a1 = n sin(Dn tana/n) * Dn tana, meaning that the
deflection angle is proportional to the applied voltage. From grating’s angular
dispersion, the refraction peak wavelength changes as Dkg = a1 kg/tanh.

The cavity length changes accordingly. The increment of optical path inside the
EO material is Dl ¼ ðnþDnÞl=2þ nl=ð2 cosDaÞ � nl � lDn=2. The increment of
distance between the EO material and the grating is Dl1 � Dnðl1 þ l=2nÞ tan a tan h,
as depicted in the figure. The total cavity length change is

DL ¼ DlþDl1 � ðDnÞ½l=2þðl1 þ l=2nÞ tan a tan h� ð7:24Þ

It is required for continuous tuning without mode hopping that the wavelength
change of longitudinal mode equals the change of grating peak wavelength, i.e.,
DLkm=L0 ¼ Dkg, where L0 is the cavity length at zero voltage. The condition for
continuous tuning is thus deduced as:

Fig. 7.14 Frequency
sweeping with an LC
deflector

Fig. 7.15 Tuning by
collimation lens translation
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tan a
tan h

¼ l=2þðl1 þ l=2nÞ tan a tan h
L0

: ð7:25Þ

Experimental studies of such a structure were implemented in Refs. [43, 52] with
PLZT EO ceramic deflector. The measured spectra of frequency sweeping laser are
shown in Fig. 7.17a. The curve of frequency variation with the applied voltage in
Fig. 7.17b shows the feature of quadratic EO effect. It is seen that the tuning range
of 500 GHz (*1 nm) at 780 nm band is obtained under 0–800 V voltage. The high
working voltage is hopefully lowed by two ways: one is to develop new EO
ceramic material, such as PMNT [40]; the other is to develop optical waveguide
devices, as reported by Ref. [53] for optical switches made of PLZT waveguide.

The acousto-optic modulator (AOM) is a dynamic grating; its diffraction angle
can be changed by the RF frequency of its driver. However, the AOM cannot be
used for the frequency sweeping by directly inserting in the ECDL, because the
frequency of incident beam will also be tuned at same time of deflection, as
described in the next section. To avoid such an obstacle, Refs. [54, 55] proposed a
scheme with two AOMs driven for opposite frequency shifts, as shown in Fig. 7.18,

Fig. 7.16 A frequency sweeping laser based on deflection of refractive angle inside EO crystal

Fig. 7.17 a Spectra of frequency sweeping laser with PLZT deflector. b Curve of frequency vs.
applied voltage. Reprinted from Ref. [52]
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where their frequency shifts are canceled out with each other in the round trip way,
while the deflection is remained to tune the laser frequency. The zeroth-order
diffraction of AOM is used as the laser output. The sweeping can be linearized by
feedback controlling and digital synthesis in the computer.

In addition, the waveguide grating made of EO crystal can be used to build a
DBR laser, which can be tuned by applied voltage. Experimental results of
sweeping rate of 55.5 MHz/V, and linewidth of 18 kHz were demonstrated by such
an ECDL [56].

7.4 Frequency Sweeping with Extra-Cavity Modulators

The schemes of frequency sweeping introduced above have compact structures. It is
welcome for some applications due to the easiness of operation. However, their
performances are not satisfactory for some important applications; and it lacks
flexibilities. The external modulation can provide possibilities of flexible combi-
nation of lasers and modulators optimized separately. High quality EO and AO
modulators have been available commercially and widely used in laser
technologies.

7.4.1 Frequency Shifting and Sweeping
with Acousto-Optic Modulators

The acousto-optic effect is attributed to the photoelastic effect; that is, when a
material is deformed, its index will be changed. The strain state of elastic solid is
described by a tensor, which has six components, three normal strain eii, and three
shearing strains eij, where i; j ¼ x; y; z. The photoelastic effect is characterized by a
6 � 6 matrix. Determined by the structure of material, not all the elements have
independent significances, some of them have the same value, some equal zero. The
increment of impermeability is proportional to the strain tensor; for isotropic
materials it is expressed as

Fig. 7.18 A Littrow ECDL
with paired AOM deflector
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A planar acoustic wave in an elastic medium is actually a propagating periodic
strain wave, and thus a propagating index wave, which plays a role of dynamic
grating. The wavelength of acoustic wave is determined by the frequency of
acoustic wave fA and the acoustic velocity VA, kA = VA/fA. The acoustic velocity is
determined by Young’s modulus and density of the material. The acoustic wave in
AOM made of AO crystal is generated with an RF transducer attached on one of the
facets of cuboic crystal. Based on the piezoelectric effect, the elastic deformation
can be stimulated by RF electric field. The incident optical beam to the dynamic
grating is thus diffracted. Two typical acoustic waves are considered and used in
AO devices. One is a standing acoustic wave; if the facet opposite to the RF
electrode is a reflector of acoustic wave, the wave generated by RF transducer will
propagate in roundtrip way between the two facets to form a standing wave. The
other is a traveling wave; if the opposite facet is connected with some acoustic
absorbing material so that the reflection there is fully eliminated.

The interaction between the optical wave and the acoustic wave can be regarded
as collision of photons and phonons. Two cases will occur then. One is the elastic
collision, where the energy of photons does not change. The other is the inelastic
collision, when the photon absorbs or releases (emits) a phonon. The energy con-
servation law and the momentum conservation law must be satisfied in the process.
In the quantum mechanics, the momentum is proportional to the wavevector, i.e.
�hk. Therefore, the two conservations are reduced to

hmd ¼ hmi � hfA; ð7:27Þ

kd ¼ ki � kA; ð7:28Þ

where the subscripts d, i, and A stand for valuables of diffracted photon, incident
photon, and phonon. Figure 7.19 depicts the relationship of wavevectors and fre-
quencies, where the traveling acoustic wave is considered. The standing acoustic
wave composed of two waves with opposite directions builts a fixed grating, which
will change the optical beam direction, but not change the photon’s energy.

The frequency of acoustic wave is much lower than that of the optical waves, so
that the wavevector length of diffracted wave is nearly equal to that of incident
optical wave: kd = ki = 2pn/k. From the phonon’s wavevector kA = 2p fA/VA, the
diffraction angle is deduced as
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sin h ¼ kA=ð2kiÞ ¼ kfA=ð2nVAÞ: ð7:29Þ

It is noticed that the direction of output beam will deflect more than that given by
(7.29) due to diffraction at the crystal surface. The acousto-optic effect can be
utilized to make either an optical switch, if the transmitted beam is used, or a
frequency shifter, if the diffracted beam is used. For practical devices, collimation
lenses or fiber coupling have to be implemented for the input and output ports.
Instead of blocky crystals, the AO device can also be made of waveguide structure,
which is based on the surface acoustic wave effect. The performances of AO
devices are dependent on the material parameter and the device design. Detailed
analyses on related scientific and technical issues can be read in Refs. [34–36].

The scheme of frequency-swept laser based on AO modulator is plain, so long as
a frequency sweeping RF driver is used. It is seen from (7.29) that the diffraction
angle will vary with the frequency shift fA, so that the output coupling efficient will
be changed. The resultant residue amplitude modulation (RAM) has to be over-
come. Reference [57] designed and demonstrated a scheme with a roundtrip path
traversing the AOM to make the modulated beam reflect back antiparallel with the
incident beam, as shown in Fig. 7.20. The polarization of reflected beam is rotated
90o by the quarter wavelength plate (QWP), so that the beam can be output from the
polarization beam splitter (PBS). The RAM due to beam deflection induced by
AOM is thus avoided. In the setup, the polarization maintained fiber (PMF) is used
as an output port, and its power is adjusted by the half wavelength plate (HWP).

Fig. 7.19 Schematic diagram of AO frequency shifter: a Blueshift; b Redshift

Fig. 7.20 Frequncy
sweeping scheme with
external AOM frequency
shifter
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7.4.2 Frequency Sweeping with Electro-optic Modulators

Based on the property of EO effect introduced in Sect. 7.2, various EO modulators
are developed. For the applications of frequency-swept LD, especially those with
fiber pigtail input and output, the optical waveguide OE modulator is used widely.
The small size of waveguide brings about obvious advantages: greatly decreased
working voltage and enhanced efficiency of fiber coupling. The basic principle,
performances, and fabrication processing are expounded in many monographs and
journal papers [34–36, 58]. This book gives only a brief introduction, mainly to the
issues concerned in applications of frequency sweeping.

The material mostly used for EO waveguide devices is the lithium niobate
crystal (LiNbO3). The waveguide region has a index higher than LiNbO3 substrate,
which can be fabricated by using techniques of diffusion or ion-exchanging, e.g.,
Ti-doping in LiNbO3. The metal electrodes are coated on the top surface; the
transverse field will generate under the applied voltage, and the optical beam
propagating in the waveguide will experience the transverse EO effect. Typical
structures of EO phase modulator are shown in Fig. 7.21, where structure (a) uses
X-cut crystal, and (b) uses Z-cut one. The waveguide of structure (b) has to be
placed under one of the electrodes to experience z-direction voltage. A buffer layer
underneath the electrodes is needed to reduce propagation loss. The modulating
voltage is now in z-direction, the EO index change is generated as Dnx = Dnx / c13
Ez in both of the structures. The dependence of modulation efficiency on input beam
polarization can thus be well removed.

When an AC or RF voltage is applied, the optical phase of propagating beam
will be modulated by DU ¼ b sinXt. The modulation amplitude is proportional to
the voltage and to the waveguide length. By using Fourier expansions of expo-
nential function,

ejb sinXt ¼
X1
n¼�1

JnðbÞejnXt

ejb cosXt ¼
X1
n¼�1

jnJnðbÞejnXt:
ð7:30Þ

Fig. 7.21 EO waveguide phase modulators with X-cut (a) and Z-cut (b) crystals
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The modulated optical field contains a series of harmonic components, expressed
as:

EðtÞ ¼ E0ejðx0tþ b sinXtÞ ¼ E0ejx0t
X1
n¼�1

JnðbÞejnXt; ð7:31Þ

where Jn is the nth order Bessel function. It is seen that a series side bands gen-
erates, distributed symmetrically in two sides of input beam frequency with
x = x0 ± nX. That is the same effect as discussed in the modulation spectroscopy
and PDH. The amplitude of side bands is determined by modulation amplitude b.
Figure 7.22 shows the four lowest order Bessel functions. It is seen that when the
argument x = 1.84, the first-order Bessel function reaches its maximum of 0.58, and
the zeroth-order and the second-order functions have the same value of 0.3. At
x = 2.405, the base band reaches zero and the first order and the second order take
similar values near 0.5. This is the working point for clear frequency shifts with the
base band suppressed.

The optical phase modulator of Fig. 7.21 can be directly used as a frequency
shifter, used outside of laser cavity and driven by a serrated electric voltage. Such a
scheme is termed the serrodyne modulation in literature [59–62]. In the ascending
and descending period of the sawtooth wave, the modulated phase can be written as
D/ ¼ 2pfmt, and the optical frequency is converted to m ¼ m0 þ fm. If the applied
voltage is modulated in a quadratic waveform, a linear frequency sweeping can be
obtained. However, technical issues related to electronics have to be solved.
References [60, 61] analyzed influences of the interval between sawtooth waves by
using Fourier transform.

More often used EO devices are waveguide interferometers. Figure 7.23 is a
schematic diagram of optical waveguide Mach–Zehnder interferometer; (a) is its
overlook, and (b) is the profile of A–A cross section of the X-cut crystal. The RF
signal is applied on the middle electrode from the left end, with its right end and the
two side electrodes connected to the ground. Electric fields with opposite directions
are thus applied on the two waveguides located between the electrodes. The MZI is

Fig. 7.22 Bessel functions
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composed of the two waveguide arms and two Y-type waveguide couplers. The
optical field is modulated by the MZI, expressed as

Eout ¼ Ein cosðD/þ/dcÞ ¼ Ein cos n3oc13ðVac þVdcÞl=deff
� �

; ð7:32Þ

where l is the waveguide length, deff is the effective width between the waveguides,
and Vac and Vdc are the applied AC and DC voltages. The output amplitude of MZI
is modulated by Vac, and the modulation depth can be controlled by the DC phase
bias, with the maximum at the quadrature point of /dc ¼ p=2. If the driving voltage
is with a square waveform, square waveform intensity pulses will be obtained,
which is just the signal used in pulse code modulation (PCM) optical fiber com-
munication system.

Similar to the phase modulation, EO amplitude modulation contains a series of
side band components if a sinusoidal voltage is applied to the EO modulator, since
Eout / cos /dc þ/dc sinXtð Þ can be expanded by formula (7.30). It is usually
required to have a single side band component. The method proposed by Ref. [63]
is to apply a pair of RF voltage with quadrature phases. The higher order side bands
can thus be filtered off with only the base band and the first-order band remained;
and the former is further filtered by an FBG filter. The first-order band frequency
can then be swept by tuning the RF frequency.

The tuning efficiency of EO modulation is one of the concerned performances. It
is lowered by using too many filters in such schemes as used in Ref. [63]. A high
efficiency and convenient single side band (SSB) modulator is needed for frequency
sweeping, and attracts attention of researchers and industries [64–68]. It has now
been available commercially. A typical SSB modulator combines waveguide phase
modulators and MZIs, called the dual parallel Mach–Zehnder modulator
(DPMZM), as shown in Fig. 7.24a, which is developed based on the mature
LiNbO3 waveguide technology. An X-cut crystal is used in the structure; the
modulating field is in z-direction. The RF signals with a quadrature phase differ-
ence, Vac1 and Vac2, and two DC biases are applied to the two MZM, whose
structure is the same as that in Fig. 7.23. The two outputs of the first step MZM,
with the phases adjusted by DC voltage of Vdc3, are combined at Y-type coupler of
the second step MZM.

Fig. 7.23 EO waveguide MZI modulator, overlook (a) and A–A profile (b)
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Characteristics of DPMZM are discussed as follows, in which the split ratios of
all 6 couplers are supposed to be 50:50 for simplicity. According to the basic
principle of directional coupler, p/2 phase shift exists between the two output fields,
as shown in Fig. 7.24b. The modulated phases of the two first step MZM are
written as b sin Xt and b cos Xt, respectively. Their output fields are

E3 ¼ j
2
E1ejxt ejðb sinXtþ/dc1Þ þ e�jðb sinXtþ/dc1Þ

h i
¼ � 1

2
E1ejxtðejb sinXt � e�jb sinXtÞ

E4 ¼ j
2
E2ejxt ejðb cosXtþ/dc2Þ þ e�jðb cosXtþ/dc2Þ

h i
¼ � 1

2
E2ejxtðejb cosXt � e�jb cosXtÞ:

ð7:33Þ

The last expressions of (7.33) are for the case of /dc1 ¼ /dc2 ¼ p=2. By using
Fourier expansions, (7.30), with components higher than the second omitted (7.31)
are reduced to

E3 ¼ E1J1ðbÞ ejðxþXÞt � ejðx�XÞt
h i

¼ 1ffiffiffi
2

p E0J1ðbÞ ejðxþXÞt � ejðx�XÞt
h i

E4 ¼ jE2J1ðbÞ ejðxþXÞt þ ejðx�XÞt
h i

¼ � 1ffiffiffi
2

p E0J1ðbÞ ejðxþXÞt þ ejðx�XÞt
h i

:

ð7:34Þ

With DC phase biases adjusted by Vdc3, a single side band output is obtained at
the Y-type beam combiner:

E7 ¼ 1ffiffiffi
2

p E0J1ðbÞejðxþXÞt or E7 ¼ 1ffiffiffi
2

p E0J1ðbÞejðx�XÞt: ð7:35Þ

A real device may deviate from the ideal structure; the split ratio may not be
3 dB exactly, and the doubled waveguide may not be symmetric perfectly. The
device is then needed to be optimized by adjusting the DC voltages.

The operation of DPMZM must use a double-channel RF generator, which has
two output signals with equal amplitudes and quadrature phases. Its frequency can
be tuned quickly and linearly, or in an arbitrary waveform controlled by a computer.

Fig. 7.24 a Structure of DPMZM SSB modulator. b Output–input relations of a directional
coupler
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Figure 7.25 shows an electric circuit diagram used to drive the SSB modulator.
VCO in the figure stands for the voltage-controlled oscillator, whose oscillation
frequency is proportional to the controlling voltage. When it is driven by a linearly
serrated voltage (Ramp), a linearly sweeping RF signal will generate. The 90°

bridge is used to convert the input to a pair of RF signals with in-phase and
quadrature (I/Q) phases. The monitor and analyzer in the figure give characteri-
zation of sweeping performance, used to feedback control the VCO and DC volt-
ages. Reference [67] used a frequency-swept source in 300–500 MHz band, which
was doubled several times by electronics to be an RF signal in 9.6–16 GHz band.
The SSB modulator was then driven by the RF signal, and a laser frequency
sweeping rate of 12.8 GHz/ls was obtained. The advanced optical waveguide
modulator has very high modulation response speed; incorporated with high quality
electronic devices and technologies, it is promising to be used widely in laser
frequency sweeping.

Experimental results of fast optical frequency seeping were described in Ref.
[69] by using a wideband VCO and a high speed EO DPMZM, working in carrier
suppressed single sideband (CS–SSB) modulation. Sweeping range of 3.85 GHz
and rate of 80 GHz/ls were measured.

Many physical mechanisms and technologies are involved in AO and EO
modulators, related to their materials, device designs, and device fabrications.
Interested readers can find those in monographs and journals.

References

1. Baney DM, Szafraniec B, Motamedi A (2002) Coherent optical spectrum analyzer. IEEE
Photon Technol Lett 14(3):355–357

2. Szafraniec B, Law JY, Baney DM (2002) Frequency resolution and amplitude accuracy of the
coherent optical spectrum analyzer with a swept local oscillator. Opt Lett 27(21):1896–1898

3. Ohba R, Uehira I, Kakuma S (1990) Interferometric determination of a static optical path
difference using a frequency swept laser diode. Meas Sci Technol 1:500–504

4. Roos PA, Reibel RR, Berg T et al (2009) Ultrabroadband optical chirp linearization for
precision metrology applications. Opt Lett 34(23):3692–3694

Fig. 7.25 Schematic diagram
of frequency sweeping LD
with SSB modulator. PC:
polarization controller; VCO:
voltage-controlled oscillator

7.4 Frequency Sweeping with Extra-Cavity Modulators 231



5. Hymans AJ, Lait J (1960) Analysis of a frequency modulated continuous wave ranging
system. Proceedings IEE 107-B, pp 365–372

6. Karlsson CJ, Olsson FAA (1999) Linearization of the frequency sweep of a
frequency-modulated continuous-wave semiconductor laser radar and the resulting ranging
performance. Appl Opt 38(15):3376–3386

7. Zheng J (2004) Analysis of optical frequency-modulated continuous-wave interference. Appl
Opt 43(21):4189–4198

8. Wang Z, Pan Z, Fang Z et al (2015) Ultra-broadband phase-sensitive optical time-domain
reflectometry with a temporally sequenced multi-frequency source. Opt Lett 40(22):5192–5195

9. Lu B, Pan Z, Wang Z et al (2017) High spatial resolution phase sensitive optical time domain
reflectometer with frequency-swept pulse. Opt Lett 42(3):391–394

10. Passy R, Gisin N, von der Weid JP et al (1994) Experimental and theoretical investigations of
coherent OFDR with semiconductor laser sources. J Lightwave Technol 12(9):1622–1630

11. Iiyama K, Wang LT, Hayashi K (1996) Linearizing optical frequency-sweep of a laser diode
for FMCW reflectometry. J Lightwave Technol 14(2):173–178

12. Koshikiya Y, Fan X, Ito F (2008) Long range and cm-level spatial resolution measurement
using coherent optical frequency domain reflectometry with SSB-SC modulator and narrow
linewidth fiber laser. J Lightwave Technol 26(18):3287–3294

13. Li W, Bao X, Chen L (2014) High resolution high sensitivity and truly distributed optical
frequency domain reflectometry for structural crack detection. Proceedings SPIE 9157:
91579T(1–4)

14. Yun SH, Tearney GJ, de Boer JF et al (2003) High-speed optical frequency-domain imaging.
Opt Express 11(22):2953–2963

15. Biedermann BR, Wieser W, Eigenwillig CM et al (2009) Dispersion, coherence and noise of
Fourier domain mode locked lasers. Opt Express 17(12):9947–9961

16. Oh WY, Yun SH, Vakoc BJ et al (2006) Ultrahigh-speed optical frequency domain imaging
and application to laser ablation monitoring. Appl Phys Lett 88:103902(1–3)

17. Nicholson JW, Yablon AD, Ramachandran S et al (2008) Spatially and spectrally resolved
imaging of modal content in large-mode-area fibers. Opt Express 16(10):7233–7243

18. Nicholson JW, Meng L, Fini JM et al (2012) Measuring higher-order modes in a low-loss,
hollow-core, photonic-bandgap fiber. Opt Express 20(18):20494–20505

19. Seeds AJ (2002) Microwave photonics. IEEE Trans Microw Theory Tech 50(3):877–887
20. Yao J (2009) Microw Photonics J Lightwave Tech 27(3):314–335
21. Chu S (1998) The manipulation of neutral particles. Rev Mod Phys 70(3):685–703
22. Cohen-Tannoudji CN (1998) Manipulating atoms with photons. RevMod Phys 70(3):707–719
23. Thom J, Wilpers G, Riis E et al (2013) Accurate and agile digital control of optical phase,

amplitude and frequency for coherent atomic manipulation of atomic systems. Opt Express 21
(16):18712–18723

24. Uttam D, Culshaw B (1985) Precision time domain reflectometry in optical fiber systems
using a frequency modulated continuous wave ranging technique. J Lightwave Technol 3
(5):971–977

25. Kakuma S, Ohmura K, Ohba R (2003) Improved uncertainty of optical frequency domain
reflectometry based length measurement by linearizing the frequency chirping of a laser
diode. Opt Rev 10(4):182–184

26. Ahn TJ, Kim DY (2007) Analysis of nonlinear frequency sweep in high-speed tunable laser
sources using a self-homodyne measurement and Hilbert transformation. Appl Opt 46
(13):2394–2400

27. Kang CS, Kim JA, Eom TB et al (2009) High speed phase shifting interferometry using
injection locking of the laser frequency to the resonant modes of a confocal Fabry-Perot
cavity. Opt Express 17(3):1442–1446

28. Satyan N, Vasilyev A, Rakuljic G et al (2009) Precise control of broadband frequency chirps
using optoelectronic feedback. Opt Express 17(18):15991–15999

29. Führer T, Walther T (2008) Extension of the mode-hop-free tuning range of an external cavity
diode laser based on a model of the mode-hop dynamics. Opt Lett 33(4):372–374

232 7 Frequency Sweeping of Semiconductor Lasers



30. Greiner C, Boggs B, Wang T et al (1998) Laser frequency stabilization by means of optical
self-heterodyne beat-frequency control. Opt Lett 23(16):1280–1282

31. Gorju G, Jucha A, Jain A et al (2007) Active stabilization of a rapidly chirped laser by an
optoelect digital servo-loop control. Opt Lett 32(5):484–486

32. Biedermann BR, Wieser W, Eigenwillig CM et al (2010) Direct measurement of the
instantaneous linewidth of rapidly wavelength-swept lasers. Opt Lett 35(22):3733–3735

33. Butler T, Slepneva S, OShaughnessy B et al (2015) Single shot, time-resolved measurement
of the coherence properties of OCT swept source lasers. Opt Lett 40(10):2277–2280

34. Born M, Wolf E (1999) Principles of optics. Seventh Edition, University Press, Cambridge
35. Saleh BEA, Teich MC (2007) Fundamentals of photonics. Wiley, London
36. Yariv A (1997) Optical electronics in modern communications, 5th edn. Oxford University

Press, Oxford
37. Song QW, Wang XM, Bussjager R et al (1996) Electro-optic beam-steering device based on a

lanthanum-modified lead zirconate titanate ceramic wafer. Appl Opt 35(17):3155–3162
38. Ye Q, Dong Z, Fang Z et al (2007) Experimental investigation of optical beam deflection

based on PLZT electro-optic ceramic. Opt Express 15(25):16933–16944
39. Dong Z, Ye Q, Qu R et al (2007) Characteristics of a PLZT electro-optical deflector. Chin Opt

Lett 5(9):540–542
40. Ye Q, Zhang X, Qiao L et al (2012) Analysis and implementation of reflection-type

electro-optic phase diffraction grating. J Lightwave Technol 30(17):2796–2802
41. Boggs B, Greiner C, Wang T et al (1998) Simple high-coherence rapidly tunable

external-cavity diode laser. Opt Lett 23(24):1906–1908
42. Lan YP, Pan RP, Pan CL (2004) Mode-hop-free fine tuning of an external-cavity diode laser

with an intracavity liquid crystal cell. Opt Lett 29(5):510–512
43. Shen L, Ye Q, Cai H et al (2011) Mode-hop-free electro-optically tuned external cavity diode

laser using volume Bragg grating and PLZT ceramic. Opt Express 19(18):17244–17249
44. Huber R, Wojtkowski M, Taira K et al (2005) Amplified, frequency swept lasers for

frequency domain reflectometry and OCT imaging: design and scaling principles. Opt
Express 13(9):3513–3528

45. Hult J, Burns IS, Kaminski CF (2005) Wide-bandwidth mode-hop-free tuning of
extended-cavity GaN diode lasers. Appl Opt 44(18):3675–3685

46. Fuhrer T, Stang D, Walther T (2009) Actively controlled tuning of an external cavity diode
laser by polarization spectroscopy. Opt Express 17(7):4991–4996

47. Ménager L, Cabaret L, Lorgeré I et al (2000) Diode laser extended cavity for broad-range fast
ramping. Opt Lett 25(17):1246–1248

48. Crozatier V, Gorju G, Bretenaker F et al (2006) Phase locking of a frequency agile laser. Appl
Phys Lett 89:261115(1–3)

49. Levin L (2002) Mode-hop-free electro-optically tuned diode laser. Opt Lett 27(4):237–239
50. Wang P, Seah LK, Murukeshan VM et al (2006) External-cavity wavelength tunable laser

with an electro-optic deflector. Appl Opt 45(34):8772–8776
51. Okamura H (2010) Shift lens external-cavity diode laser for broad wavelength tuning and

switching. Opt Lett 35(8):1175–1177
52. Wei F, Sun Y, Chen D et al (2011) Tunable external cavity diode laser with a PLZT

electro-optic ceramic deflector. IEEE Photon Technol Lett 23(5):296–298
53. Thapliya R, Okano Y, Nakamura S et al (2003) Electrooptic characteristics of thin-film PLZT

waveguide using ridge-type Mach-Zehnder modulator. J Lightwave Technol 21(8):1820–1827
54. Bösel A, Salewski KD, Kinder T (2007) Fast mode-hop-free acousto-optically tuned laser

with a simple laser diode. Opt Lett 32(13):1956–1958
55. Bösel A, Salewski KD (2009) Fast mode-hop-free acousto-optically tuned laser: theoretical

and experimental investigations. Appl Opt 48(5):818–826
56. Crozatier V, Das BK, Baili G et al (2006) Highly coherent electronically tunable waveguide

extended cavity diode laser. IEEE Photon Technol Lett 18(14):1527–1529
57. Donley EA, Heavner TP, Levi F et al (2005) Double-pass acousto-optic modulator system.

Rev Sci Instr 76:063112(1–6)

References 233



58. Kaminow IP, Li T (2002) Optical fiber communications iv (components). Elsevier Inc,
Amsterdam

59. Wong KK, Delarue RM, Wright S (1982) Electro-optic-waveguide frequency translator in
LiNbO3 fabricated by proton-exchange. Opt Lett 7(11):546–548

60. Johnson LM, Cox CH (1988) Serrodyne optical frequency translation with high sideband
suppression. J Lightwave Technol 6(1):109–112

61. Laskoskie C, Hung H, El-Wailly T et al (1989) Ti-LiNbO3 waveguide serrodyne modulator
with ultrahigh sideband suppression for fiber optic gyroscopes. J Lightwave Technol
7(4):600–606

62. Houtz R, Chan C, Muller H (2009) Wideband efficient optical serrodyne frequency shifting
with a phase modulator and a nonlinear transmission line. Opt Express 17(21):19235–19240

63. Smith GH, Novak D, Ahmed Z (1997) Technique for optical SSB generation to overcome
dispersion penalties in fiber-radio systems. Electron Lett 33(1):74–75

64. Izutsu M, Shikama S, Sueta T (1981) Integrated optical SSB modulator/frequency shifter.
IEEE J Quant Electron 17(11):2225–2227

65. Higuma K, Oikawa S, Hashimoto Y et al (2001) X-cut lithium niobate optical single sideband
modulator. Electron Lett 37(8):515–516

66. Shimotsu S, Oikawa S, Saitou T et al (2001) Single side-band modulation performance of a
LiNbO3 integrated modulator consisting of four-phase modulator waveguides. IEEE Photon
Technol Lett 13(4):364–366

67. Kawanishi T, Sakamoto T, Izutsu M (2006) Fast optical frequency sweep for ultra-fine
real-time spectral domain measurement. Electron Lett 42(17):999–1000

68. Shioda T, Yamamoto T, Sugimoto T et al (2007) 1 MHz-resolution spectroscopy based on
light frequency sweeping using a single-sideband optical modulator. Jpn J Appl Phys
46(6A):3626–3629

69. Wang J, Chen D, Cai H et al (2015) Fast optical frequency sweeping using voltage controlled
oscillator driven single sideband modulation combined with injection locking. Opt Express
23(6):7038–7043

234 7 Frequency Sweeping of Semiconductor Lasers



Chapter 8
Optical Phase Locked Loop
and Frequency Transfer

8.1 Optical Phase Locked Loop

8.1.1 Principles of OPLL

Laser applications, especially in frontier science researches and advanced tech-
nology developments, require the laser frequency transferring precisely and locked
at arbitrary frequencies, and with high coherence maintained during the transfer.
That is, not only the peak frequency is stably locked onto a certain reference
frequency, but also the linewidth is maintained unchanged. Chap. 6 introduces the
laser frequency stabilizations with atomic absorption line and resonant peak of
passive resonator as the reference frequency. This Chapter involves frequency
stabilization with another high coherence, high stable laser as reference. In the
electrical engineering and electronics the phase locked loop (PLL) technology has
been developed to meet the requirements of stabilization in wireless frequency
bands; OPLL can be regarded as the technology with the same function in optical
frequency band.

The PLL in electronics is a mature technology, demonstrating attractive
advantages in suppression of noise and drift. Its concept is shown in Fig. 8.1a,
where the phase discriminator PD detects the difference between signal frequency
fout and reference frequency fref , which is the target frequency being locked on. LPF
is the low pass filter; VCO is the voltage controlled oscillator, which gives the
output signal with frequency locked on the reference frequency. If the available
reference frequency is different from the target, a frequency converter should be
inserted in the feedback loop, as denoted by fout=N in the doted frame for a fre-
quency divider. The signal of phase discriminator may be processed with other
functions, besides low-pass filtering, then the LPF may be understood as a loop
filter.

Figure 8.1b gives a schematic diagram of OPLL [1, 2]. It is required to lock the
frequency of slave laser (SL) to the reference frequency provided by the master
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laser (ML). The two laser beams beat at the 50:50 fiber coupler, and its outputs are
detected by the double balanced photo-detector (DB-PD) with DC component
removed in its output. The beat signal contains the difference between two fre-
quencies, and the phase shift between them. The correlation detection here plays a
role of optical frequency discriminator. The output of DB-PD is used as error signal
to feedback control the slave laser. Such a feedback controlled slave laser is
sometime called an optical voltage controlled oscillator (O-VCO) [3]. If the DB-PD
is replaced by a single PD, the OPLL will work as well, but a band-pass filter is
needed to remove the DC component.

Similar to the PLL, the central frequencies of SL and ML may be same or
different. The two cases require different detection schemes, i.e. the homodyne or
the heterodyne, respectively. In the latter case, a radio frequency source (RF) is
needed to mix with the optical beat signal to convert the beat signal frequency to a
low frequency band. The mixed signal is used as error signal after being filtered by
LPF and being amplified. Once the phase locking is established, the slave laser will
output beams with the same frequency stability and the same linewidth as those of
the master laser. The RF source and the mixer can be put away for the homodyne
OPLL. Some other optical components are needed for OPLL, such as polarization
controllers to make the polarizations of SL and ML to be parallel.

The principle of OPLL can be described analytically as follows. The optical
fields of ML and SL are written as:

Em ¼ Am exp j½xmtþ/mðtÞ�
Es ¼ As exp j½xstþ/sðtÞ�: ð8:1Þ

They are combined at the fiber coupler. For an ideal 3 db coupler, the outputs are
expressed as

E1 ¼ ðEm þ jEsÞ=
ffiffiffi
2

p
E2 ¼ ðjEm þEsÞ=

ffiffiffi
2

p
:

ð8:2Þ

Fig. 8.1 a Concept of electrical PLL. b Schematic diagram of OPLL
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The current detected by DB-PD with responsivity of qPD is then obtained:

iPD ¼ qPDð E1j j2� E2j j2Þ ¼ 2qPDAmAs sin½ðxm � xsÞtþ/mðtÞ � /sðtÞ�: ð8:3Þ

Mixed with RF signal vRF ¼ VRF cos½xRFtþ/RFðtÞ�, the signal is reduced to

vmix ¼ qmixVRFVbeat sin ðxm � xsÞtþ/mðtÞ � /sðtÞ½ � cos½xRFtþ/RFðtÞ�
¼ Vmix sin ðxm � xs � xRFÞtþ/m � /s � /RF½ �f
þ sin ðxm � xs þxRFÞtþ/m � /s þ/RF½ �g

ð8:4Þ

where qmix is the mixing efficiency, and Vbeat is the amplified beat signal. The two
frequency components of vmix can be separated by band pass filters. By denoting
Verr / qPDqmixVRFAmAs, Dx� ¼ xm � xs � xRF, and D/� ¼ /m � /s � /RF, the
error signal is expressed as

verr ¼ Verr sinðDx�tþD/�Þ: ð8:5Þ

The driver of slave laser is then controlled by the error signal to establish a close
loop feedback. The phase variation of slave laser is proportional to the error signal,
expressed as [1]:

d
dt
DU ¼ jverr þDx½fr� ¼ �K sinDUþDx½fr�; ð8:6Þ

where DU ¼ Dx�tþD/�, j is the tuning response of laser driver, and Dx½fr� ¼
xm � x½fr�

s is the frequency difference between SL and ML in open loop, i.e. in free
running case of SL. K ¼ �jVerr is the composite gain of the loop, which is gen-
erally a complex to involve the loop delay; the minus sign indicates that a negative
feedback is needed for the loop to be locked-in. Equation (8.6) can be analyzed by
Laplace transform, as used in electrical PLL theory.

The phase lock-in is established under condition of dDU/dt = 0 and

xs ¼ xm � xRF, with a constant phase remained: sinu0 ¼ ðxm � x½fr�
s Þ=K, ideally,

which does not generate phase and frequency noise, but contributes a minimal error
signal to maintain the loop working at locked-in state [2].

The linewidth of a free running SL is basically determined by the phase noise in
low frequency band, which can be suppressed effectively by OPLL, so long as the
loop response is fast enough and no extra noise from loop components is added in.
The sensitivity to the frequency difference of the mixed signal (8.4) is dependent on
the phase of RF source, seen from the sinusoidal terms, rewritten as
sinðDx�tþ/m � /sÞ cos/RF � cosðDx�tþ/m � /sÞ sin/RF. The quadrature is
obtained at /RF = 0. If noise of RF source is taken into account, the variance of SL
phase noise should be given by the sum of variances of ML and RF. If noises and
drifts occurring in optics and electronics in the loop exist, some Langevin terms
have to be added to Eq. (8.6).
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The frequency and phase of slave laser can be modulated by tuning the RF
source in heterodyne OPLL, xsðtÞ ¼ xm � xRFðtÞ and /sðtÞ ¼ �/RFðtÞ � u0 used
as a precisely frequency swept laser or a frequency transferred laser [2]. In ho-
modyne OPLL, frequency and phase modulations can be implemented by a phase
modulated master laser with an external phase modulator inserted in its output path
[1]. It is one of the important advantages and usages of OPLL. In heterodyne OPLL,
mixing with RF brings about a function of beat signal amplification by using higher
RF power. In electronics part of the loop the electrical PLL technology, especially
the digital PLL, may be used to optimize loop’s performance.

Generally applications require OPLL with the following performances. (1) High
precision of locked frequency and phase for OPLL output with low noise and high
stability; (2) Wide range of locked frequency and phase; (3) Fast locking speed
responding to external disturbances or to the intentional adjustment. These per-
formances are basically related to loop’s band width and its sensitivity of frequency
discrimination, contributed both from optics and electronics, and embodied in the
loop gain factor K. Detailed analyses can be found in papers and monographs.

8.1.2 Injection Locking of Semiconductor Lasers

The optical injection locking (OIL) of semiconductor lasers is introduced in
Sect. 5.1.4, which can be regarded as a direct OPLL without electrical components
inserted in the loop. The frequency and phase of a narrow linewidth single fre-
quency master laser can be duplicated in the slave laser when the injection locking
is established. The injected optical wave of master laser (ML) plays a role of seed to
the oscillation of slave laser (SL). Referring formula (5.31b) in 5.1.4, the difference
between phases of SL and ML will reach a stable value in case of the loop locked,
expressed with the subscripts used in this section as

xs � xm ¼ j sinð/s � /mÞ: ð8:7Þ

The injection rate j = Em/(sc Es), where Em is the injected field of ML, Es is the
intra-cavity field of SL, and sc is the round-trip propagation time in SL cavity.
The OIL has a merit of fast response since the OE conversion and feedback control of
laser driver are not needed in the loop. However, the original characteristics of ML
and the injection rate have to meet certain conditions, as analyzed in Sect. 5.1.4.

The OIL can be used either to lock the main mode of SL, similar to homodyne
OPLL; or to lock one of its side modes, similar to heterodyne OPLL [4, 5]. The
locked mode may be either one of the longitudinal modes of F-P cavity LD working
in continuous wave, even if not lasing in free running or one of the side bands in
state of high frequency modulation. Figure 8.2a shows a schematic diagram of side
band locking. The slave laser is biased by a DC driver and modulated by a RF
source with a Bias-T. One of its side bands is located at the frequency of ML. When
the OIL is established, the main mode and other side bands are locked into stable
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states. The other parts in the figure are used for characteristics measurement and
monitoring. The ML beam with frequency shifted by the acousto-optic modulator
(AOM) beats with the output of SL; the PD detected signal is mixed with a middle
frequency source, and is analyzed by the spectrum analyzer (SA).

The main mode of SL can also be locked at one of the side bands of ML working
at high frequency modulation, as shown in Fig. 8.2b. In the scheme the ML is
usually modulated by an external phase modulator (PM) or amplitude modulator
(AM) to ensure good quality of ML spectrum. The schemes shown in Fig. 8.2 gives
wide frequency range of OPLL, and more flexible frequency selectivity, since the
spacing between side bands of modulation is usually much smaller than the spacing
between F-P modes of LD.

8.2 Applications of OPLL in Laser Frequency Transfer

OPLL has been used in many important areas, including coherent optical com-
munication (COC), transportation of frequency and time standards in networks,
microwave photonics and radio over fiber (ROF), physical researches, especially on
laser cooling and cooled atoms, and the effect of electromagnetically induced
transparency (EIT), and so on. These applications involve a wide scope of tech-
nologies and physical mechanisms; here we just give a brief introduction to those
related to the single frequency lasers.

8.2.1 Coherent Optical Communication

Optical fiber communication (OFC) has been recognized as one of the foundation
stones of modern information infrastructure of the world. In the OFC system the
intensity modulation and direct detection (IM-DD) method and the dense wave-
length division multiplex (DWDM) are used as the current technologies now. As
the demands on information capacity and transportation speed increase

Fig. 8.2 Schemes of a SL side band injection locked. b SL main mode locked by ML side band
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continuously, the coherent optical communication (COC) is being developed
rapidly, which uses not only the amplitude of optical pulses, but also its frequency,
phase and polarization state as the carriers of information, and thus provides much
larger capacity. COC is suitable especially to inter-satellite communications since
the vacuum between them will not distort the optical frequency and phase. In fiber
systems, its applications are developed fast. Several basic formats used in COC
have been developed and matured, including amplitude shift keying (ASK), fre-
quency shift keying (FSK), and phase shift keying (PSK). Coherent optical
orthogonal frequency division multiplex (CO-OFDM) and polarization multiplex
are promising technologies for multiplexing. Compared with DWDM, the multiplex
density and spectral efficiency of COC are greatly increased. At the receiver side,
correlation detection must be used for retrieving information contained in optical
frequencies and phases. Obviously, COC must use a high coherent, high stable laser
as its source; and its frequency and phase should be modulated and detected in high
speed. Therefore OPLL is a must technology in COC [1–3, 6–9].

The transmitter of COC should meet two basic requirements. First, its frequency
and/or its phase should be modulated, typically by using OPLL. Moreover, the data
have to converted to a pair of in-phase and quadrature signals by an I/Q modulator
[10]. Second, for the optical frequency division multiplex (OFDM) the transmitter
should contain a series of frequencies, which is obtained usually by using single
side band (SSB) modulators, whose function is introduced in Sect. 7.4.2. Reference
[11] proposed and demonstrated an OFDM source composed of multiple narrow
lines with smaller intervals by using a SSB modulator to shift the laser frequency
multiply with a circulating loop.

At receiver terminals, the data carried by optical frequency and/or phase have to
be demodulated, which are usually very weak, even drowned by noises. That is just
one of the scopes of OPLL’s ability [2, 3, 7]. Figure 8.3a shows a schematic
structure of correlation detector based on OPLL.

The function of 180° coupler in the figure is to give “sum” and “difference” of
the local oscillation (LO) and the data signal, respectively, expressed as

Fig. 8.3 a A balanced OPLL; b A Costas loop
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E1 ¼ ðELO þEsigÞ=
ffiffiffi
2

p
E2 ¼ ðELO � EsigÞ=

ffiffiffi
2

p
:

ð8:8Þ

The current signal of double balanced photodetector (DB-PD) is

iPD ¼ qPDð E1j j2� E2j j2Þ ¼ 2qPD ELOj j Esig
�� �� cosðDxtþD/Þ; ð8:9Þ

where Dx = xLO − xsig, D/ = /LO − /sig. After the loop filter it is reduced to the
error signal to control the diver of local laser. When the OPLL is established, the
frequency and phase of local laser will be locked on those of detected signal, and
iPD ¼ 2qPD ELOj j Esig

�� �� is output as the electrical data of ASK format. It is seen that
the OPLL technology is a perfect frequency selective device, so long as the local
laser has linewidth narrow enough. It is very useful for OFDM system, since many
different frequencies with narrow intervals are contained in the system.

The OPLL scheme of Fig. 8.3a is usually termed the balanced phase locked
loop, since a balanced detector is used. Its shortcoming is that the FSK data and
PSK data can not be retrieved by such a scheme; the data may be lost or distorted in
the output electrical signal. The frequency modulation and/or phase modulation
signal carried by the received beam should be retained in the electrical output, while
the frequency of local oscillation is locked on one of the channels of received beam.
Many schemes were developed for the purpose; among them Costas loop is often
used [12], whose structure is shown in Fig. 8.3b schematically. Instead of the 180°
coupler in the balanced loop, a 90° hybrid bridge is used, which gives 4 outputs,
expressed respectively as

E1 ¼ ðELO þEsigÞ=
ffiffiffi
2

p
E2 ¼ ðELO � EsigÞ=

ffiffiffi
2

p
E3 ¼ ðELO þ jEsigÞ=

ffiffiffi
2

p
E4 ¼ ðjELO þEsigÞ=

ffiffiffi
2

p
:

ð8:10Þ

The in-phase (I) and quadrature (Q) beat signals are obtained from the two
DB-PDs:

iPD1 ¼ qPDð E1j j2� E2j j2Þ ¼ qPD ELOj j Esig
�� �� cosðDxtþD/Þ

iPD2 ¼ qPDð E3j j2� E4j j2Þ ¼ qPD ELOj j Esig

�� �� sinðDxtþD/Þ; ð8:11Þ

where xsig ¼ �xsig þ dxsigðtÞ and /sig ¼ /sigðtÞ contains the frequency modulated
and/or phase modulated data. The mixed output of I and Q signals is taken as error
signal of frequency deviation and used to control the local laser. When the OPLL is
established, the LO frequency will be locked on one of the input frequencies,
xLO ¼ �xsig. Meanwhile, I (or Q) signal is used to be demodulated for retrieving
transported data.
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The 180° and 90° bridges used in Fig. 8.3 can be fabricated either by block
optical components, or by optical waveguides and fibers. Some of them are
introduced here. Figure 8.4 shows two schemes of 180° coupler. Device (a) is based
on a 3 � 3 waveguide coupler or fiber coupler. The three waveguides are arranged
in a plane, and the middle waveguide is coupled with the other two by the
evanescent field, whereas the coupling between the two side waveguides can be
neglected. When the coupling coefficients and coupling length meet certain con-
ditions, the transfer function between the inputs and outputs can be expressed as
[13, 14]:

A
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1 j
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A: ð8:12Þ

In case the signal and LO input as shown in Fig. 8.4a, the two outputs are
obtained as E1 ¼ ðEsig � ELOÞ=2 and E2 ¼ jðEsig þELOÞ=

ffiffiffi
2

p
, giving the same

relation as (8.8), except for the amplitude difference, which can be compensated by
optical attenuator or by electrical processing.

Figure 8.4b is a p/2 phase shifted Mach-Zehnder interferometer (MZI) [15]. By
referring formula (8.2), its transfer function is obtained as

E1 ¼ 1
2 ½ðEsig þ jELOÞejp=2 þ jðjEsig þELOÞ� ¼ j�1

2 ðEsig þELOÞ
E2 ¼ 1

2 ½jðEsig þ jELOÞejp=2 þðjEsig þELOÞ� ¼ j�1
2 ðEsig � ELOÞ:

ð8:13Þ

It is just the relation required by (8.8).
Various structures of I/Q bridge have been presented in journals [9, 16, 17],

including schemes with optical waveguides and with block optics. Figure 8.5a
shows a structure composed of two cross-connected MZIs with four 2 � 2 3 dB
couplers [10]. Three of the four arms have identical optical paths except for phase
shifts of integer multiplied 2p, whereas the other one has a different path from them
by p/2 phase shift. Similarly, the four outputs are obtained by referring (8.2):

Fig. 8.4 Schemes of 90o bridge: a with a 3 � 3 fiber/waveguide coupler; b with a p/2 phase
shifted Mach-Zehnder interferometer
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E1 ¼ jðEsig þELOÞ=2
E2 ¼ ð�Esig þELOÞ=2
E3 ¼ ðjEsig � ELOÞ=2
E4 ¼ ð�Esig þ jELOÞ=2:

ð8:14Þ

It coincides with (8.10) exactly. The 2 � 2 and 3 � 3 couplers used in structures of
Figs. 8.4 and 8.5a can be fabricated either by planar waveguides, such as SiO2 film
on Si substrate, or by fused silica fiber. The theory and technical issues of their
design and fabrications can be found in journals and monographs.

Figure 8.5b gives a schematic diagram of I/Q bridge composed of bulk optics
[15, 16]. In the structure, the polarization of LO is converted to a circularly
polarized beam by the k/4 plate (QWP), which is the sum of two linearly polarized
wave with p/2 phase shift between them. It is then divided into two beams by the
beam splitter (BS), where the phase of reflected beam is shifted by p/2 respect to the
transmission, according to Fresnel formulas. The signal beam Esig is divided into
two at BS also, and its reflection experiences p/2 phase shift. The same phase shift
occurs at the two PBS. Therefore, Ea is the sum of once reflected signal wave and
the transmitted LO; Eb is the sum of twice reflected signal wave and once reflected,
circularly polarized LO; Ec is the sum of transmitted signal wave and once reflected,
circularly polarized LO; Ed is the sum of once reflected signal wave and twice
reflected, circularly polarized LO. In result, the four outputs Ea-d will have the same
phase relations as (8.14). A polarization controller is inserted in the input path to
adjust the polarization of signal beam and get equal reflection and transmission at
BS. Several other structure than the above were also proposed such as that by
utilizing birefringence crystals [17].

The balanced loop and the Costas loop are the basic structure used in COC. To
meet the requirements of different formats and for different performances, more
advanced loops have been proposed and developed, such as SyncBit Loop, Dither
Loop, and Decision-driven Loop [2, 18]. A lot of technical problems are involved in
these schemes; details can be read in journals.

Fig. 8.5 Schemes of I/Q bridge: a with cross-connected MZIs; b composed of polarization beam
splitters and combiners
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8.2.2 Transportation of Time and Frequency Signals

The synchronization of different communication networks is a basic condition for
information transportation. In the optical fiber communication networks, the
transported data are encoded by pulses; the pulsed signals will be distorted after
propagation in the fiber. At the receiver terminals, the amplitudes, the pulse
waveforms, and its periods of coded data have to be recovered by regeneration,
reshaping and retiming (3R). In relatively low speed systems 3R are realized by
electrical processing of the signals. All-optical 3R are also developed in optical
communication systems. The transportation of frequency and time standard is
critical for retiming. Without the time standard the coded data will not be recog-
nized. It is more and more important for the higher speed systems and the larger
covered ranges [1, 19]. It is also critical for the global positioning system (GPS),
where the precision and resolution of positioning are directly dependent on the
precisions of frequency and time. The related frequency band is expanded from RF
to the optical band. As the optical frequency comb and its applications are devel-
oping, optical waves with linewidth down to the order of Hz and the frequency
stability up to 1015 or higher are being used; transportation of such high precision
signals must be implemented [20, 21]. The laser frequency stabilization and optical
phase locking are the basis of these developing technologies.

A lot of researches have been focused on the transportations and distributions of
frequency and clock signal over long distance optical fiber networks [22–25]. When
a single frequency optical wave is propagating in fiber, its phase will experience
fluctuations due to the temporal and spatial variations of fiber index, and the thermal

noise. The phase fluctuation of /ðtÞ ¼ R L
0 d/ðz; t � sþ z=vÞ will occur at the

remote end, where d/ is the phase fluctuation per unit distance and s ¼ L=v is the
single trip time delay, with light velocity of v in fiber; and a frequency fluctuation of
dx ¼ @/ðtÞ=@t occurs in result [26]. Such a distortion must be removed when the
optical frequency itself is the single to be transported. Similar problem has been
already met and solved in clock synchronization over space by using the
Doppler-cancellation technique [27]. The basic concept is to let the delivered wave
returned back to the local end, and to control the transmitter by PLL with the
roundtrip distortion as feedback errors. It is actually a large phase locked loop,
spanning the long fiber. The phase distortion in round trip is expressed as [28]

/RTðtÞ ¼
ZL

0

d/ z; t � 2sþ z=v½ � þ d/ z; t � z=v½ �f g � 2
ZL

0

d/ðz; t � sÞ ð8:16Þ

The last approximation is based on the assumption that the phase change in the
roundtrip propagation equals twice of the single trip propagation, if the external
disturbances are much slower than the roundtrip propagation of optical signal. By
Fourier transform, the frequency spectrum of distortion is expressed respectively for
the forward and roundtrip propagations as [26].
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~/Fðf Þ ¼
ZL

0

e�j2pf ðs�z=vÞd~/ðz; f Þ; ð8:17aÞ

~/RTðf Þ ¼ 2e�j2pf s
ZL

0

d~/ðz; f Þ cos½2pf ðs� z=vÞ�: ð8:17bÞ

Symbols ‘~’ above stand for the respective Fourier transforms. Their power
spectral densities (PSD) are deduced to be

SFðf Þ ¼ ~/Fðf Þ
�� ��2D E

¼
ZL

0

d~/ðz; f Þ�� ��2D E
; ð8:18aÞ

SRTðf Þ ¼ 2SFðf Þ½1þ sincð4pf sÞ�: ð8:18bÞ

The deduction of (8.18b) is based on the assumption that the noise is inde-
pendent of position. It is shown that the difference between PSD of the single trip
and the roundtrip is related to the frequency of noises. At the low frequency limit,
the ratio of two PSD reaches 4, whereas at high frequency band, it is towards 2; and
the criterion depends on the fiber length.

Obviously, OPLL technology is the most powerful tool for compensating the
phase distortions. Figure 8.6 shows a schematic diagram of phase noise compen-
sation [19], where frequency shifts of X and −X are implemented respectively by
the acousto-optic modulators AOM1 and AOM2. The returned wave contains phase
noise of 2xU. Two beams are combined at the beam splitter (BS) and detected by
the photodiode (PD); the beat with frequency of 2X + 2xU is thus obtained as the
frequency discriminating signal. It is then used to control the VCO through an
electrical PLL. AOM2 is driven by the half of VCO output frequency with a
frequency divider (f/2). A large OPLL over local and remote ends is then built; and
the phase noise at the remote end, generated in fiber propagation, will be suppressed
when the loop is locked.

Fig. 8.6 Compensation of
optical phase distortion
generated in fiber propagation
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Since the fiber index fluctuations are usually slower than the propagation speed
of optical signal, the induced phase distortion can be compensated by fiber phase
modulators, which are based on the photo-elastic effect and/or thermo-optic effect.
References [22, 23] demonstrated a system with two sources placed at the local end
and the remote end, locked mutually by OPLL, as shown in Fig. 8.7.

The local laser is a frequency stabilized narrow line laser, and its frequency is
modulated by the AOM before sent to the remote. The AOM is driven by the signal
generated by an OPLL. The wave returned from the remote passes through the
AOM in direction counter to that of the local laser beam, through the fiber phase
modulator (FS), and is combined with the local laser reflected by the Faraday
rotation mirror (FM), giving beat signal as feedback errors to control the AOM
driver. The role of FM is to avoid the external disturbance to the polarization state
in the loop. The phase modulator FS is a fiber stretcher, driven by PZT and
controlled by a serve. At the remote end, the laser is controlled by OPLL, in which
the error signal is given by beating of forward propagating wave and the laser
output. The positive and negative frequency shifts by two AOM in Fig. 8.6 are now
replaced by forward and backward passing through the same AOM. The frequen-
cies of remote laser beam and output from the local will be locked when the
phase-locking is established. For transregional loops, especially with the com-
mercial fiber lines utilized, quite a lot of technical issues have to be solved, such as
delays and noises in different sections and different nodes. Even the earth spin
induced Sagnac effect has also to be taken into account. Reference [28] presented
related analysis and experimental results.

The joint transfer of time and frequency can be realized via ready-installed
optical fiber communication networks for multiple users. The technical issues
related to such a scheme were studied in Refs. [29, 30].

8.2.3 Microwave Photonics and Radio Over Fiber

The demand on communication has been growing increasingly all over the world.
The combination of optical fiber communication and wireless communication

Fig. 8.7 System with local and remote ends locked mutually
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becomes an inevitable trend. Its benefit is obvious: the wireless provides possibility
of mobile communication, whereas the fiber network provides possibility of con-
nection over long distances worldwide with huge capacity. Since the code speed of
optical communications has reached RF and millimeter wave ranges, it is possible
to process and transport RF signals by optical waves. On the contrary, the ordinary
method of RF signal processing needs much bulky and expensive devices and
components, being one of the bottlenecks in development of RF technology.
Therefore, a new technology, termed the radio over fiber (ROF), emerged years ago
[31, 32].

The ROF system is basically composed of several parts. (a) Conversion of RF
signals to optical signals, i.e. generation of optical wave carrying RF signals;
(b) Transportation of the optical carrier in optical fibers; (c) Processing of RF
signals by optical devices and components; and (d) Conversion the optical signal
back to electrical domain in RF band.

To ensure conversions between RF and optical domain with high fidelity, the
process must utilize high coherent, low noise optical sources, and high speed,
flexible frequency transfer and phase control. Problems of signal distortion and
additive noises in the conversions and fiber propagating must be solved [31–34].

The optical carrier of RF signals can be realized by using the beating of a pair of
narrow line laser beams with their frequency difference coincident with the RF
frequency. That is,

E ¼ E1 cosðx1tþ/1ÞþE2 cosðx2tþ/2Þ
¼ �E cosð�xtþ �/Þ cosðDxtþD/ÞþDE sinð�xtþ �/Þ sinðDxtþD/Þ; ð8:15Þ

where �x ¼ ðx1 þx2Þ=2, Dx ¼ ðx1 � x2Þ=2, �E ¼ ðE1 þE2Þ=2, and
DE ¼ ðE1 � E2Þ=2. This is an optical carrier with frequency of �x and the carried
signal is in band of x1 � x2. Obviously, the two laser beams must have narrow
linewidth and high stability, and their frequency and phases must be locked with
each other. Any fluctuations of frequencies and phases will be transformed to be
noises of RF wave. Therefore it is necessary to use OPLL technology.

Figure 8.8a shows an ROF transmitter, composed of a master laser and a slave
laser, locked with each other by heterodyne OPLL [35, 36]; and the frequency

Fig. 8.8 a ROF transmitter with OPLL lasers; b ROF transmitter with OPLL and injection
locking
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difference between them is determined by RF source. The master laser and fre-
quency locked slave laser are combined at the fiber coupler to downward fiber,
carrying the data contained in the RF signal.

The scheme of Fig. 8.8a has some shortcomings. A certain delay must exist in
the loop; it is actually a phase bias between the master and slave lasers and cor-
responds to a phase noise or phase drift of the RF signal to be carried. Besides, the
RF frequency is limited by the locking range of OPLL. Another scheme, called the
optical injection phase lock loop, was proposed to solve the problems [36–38],
which combines the injection locking and OPLL together, as shown in Fig. 8.8b.
Different from the conventional OPLL, one of the slave LD modes is locked by
injection of the master laser, while the other mode is locked by OPLL through the
feedback control of its driver. The frequency limitation by the RF source is thus
broken through by the side mode injection locking; and the scheme can be used for
millimeter wave signal transportation. In addition, propagations of ML and SL
beams are synchronized at the output facet of SL without a phase bias, so that the
phase noise is lowered greatly. A variable delay is inserted in the loop to com-
pensate the delay of OPLL. The data to be transported is now carried by the master
laser.

The high speed single sideband (SSB) I/Q modulator is one of the key devices in
ROF systems. A scheme with two-stage I/Q modulator and two-stage
Mach-Zehnder modulator was reported [39] and optical carriers with spacing of
4-eightfold RF frequency was obtained.

Multiple channel transmitter and receiver are key components of communication
systems. References [40, 41] proposed a scheme of multi-channel transmitter by
using injection locking method, as shown in Fig. 8.9. Multiple side bands of DFB
laser are generated by phase modulation, which are used as seeds for injection
locking of a mode locked LD (MLLD). The �1-order side bands of DFB laser is
used to lock the modes of MLLD; thus the RF frequency should be adjusted to be
half of MLLD mode spacing, fRF = Df/2. The output beam is amplified by
erbium-doped fiber amplifier (EDFA) and divided in pairs by an arrayed waveguide
grating (AWG); and the divided outputs are then used to injection-lock the F-P
cavity LDs (FPLD). As result, a series of transmitters with different optical fre-
quency but identical RF frequency are obtained. The data to be carried are loaded to
every FPLD through their drivers.

Applications of frequency swept lasers, such as coherent optical analyzer,
coherent optical communications, and FMCW lidar, require crucially the source

Fig. 8.9 Frequency division
multiplex ROF transmitter
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with high spectral purity and broad sweeping range. Reference [42] proposed and
demonstrated a scheme based on high-order modulation injection-locking, as
shown in Fig. 8.10.

In the experimental setup a low noise external cavity laser with linewidth less
than 3 kHz is used as the master laser (ML), and a DFB LD is used as the slave
laser (SL). The ML is modulated by an EOM, which is driven by an RF source
controlled by a voltage controlled oscillator (VCO) with the base band suppressed
and the high-order sidebands enhanced. One of the high-order sidebands (fifth in
the demonstration) is tuned to the SL mode, whose driver provides precise current
and temperature controlling. The RF frequency is stabilized to a reference by the
phase-locked loop, as depicted by a dashed line frame in the figure. When the RF
frequency is swept by Dx, the swept range of high-order will reach nDx. In the
experiment a tuning range of 15 GHz and sweeping rate of 2.5 THz/s were
obtained by the 5th order side band injection locking. Linewidth of 2.5 kHz was
measured during frequency sweeping, with the ML coherence maintained perfectly.

At the receiver end of ROF system, the heterodyne detection and OPLL are
usually used, similar to the receiver of coherent optical communications. The high
speed photodetector is one of the key components in conversion of optical wave to
microwave. A special PD, called the uni-traveling-carrier waveguide photodiode
(UTC-PD) has been developed for detection of optical signal and as RF emitter in a
whole [43]. The OPLL technology plays important roles in fields of ROF tech-
nology, microwave photonics and lightwave radar (lidar) [44].

8.2.4 Researches on Atomic Physics

Physics of Cooled Atoms. Laser is an important and powerful tool not only for
revealing material structures and physical processes inside, but also for controlling
movements of atoms and molecules. Researches of laser cooling and trapping
promote development of many new important technologies, especially the high
precision frequency standard and time standard [45–48]. The physical picture of

Fig. 8.10 Linearized
frequency swept laser source
based on sideband
injection-locking. ML: master
laser; SL: slave laser; FS:
frequency synthesizer; RF PS:
RF power splitter; LPF: loop
filter
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laser cooling may be simply understood as that a moving atom can be slowed down
by collision with a photon moving in counter direction. It must be an inelastic
collision, i.e. the photon is absorbed by the atom, so that the whole momentum is
thus decreased due to the conservation law of momentum. Therefore the photon’s
energy, i.e. its frequency, must match with the atom’s energy levels precisely. The
excited atom will transit down to its ground states, which is usually composed of
two sub-levels for different spin states. Therefore two laser beams with frequencies
matching them are needed, called the pump beam and the re-pump beam [48],
respectively. Many other important physical effects are involved in laser cooling
process and in its applications, such as the Doppler frequency shift. The lasers used
in this field must have high coherence and flexible tunability.

Typical atoms used in laser cooling and in frequency standard include rubidium
(Rb), cesium (Cs), and strontium (Sr) etc. The related wavelength bands are
780 nm, 852 nm, and 689 nm, respectively, where semiconductor lasers are
available. The D2 absorption line of Rb is at 780.02 nm, corresponding to the
transition of 5S1/2–5P3/2. The frequency difference between pump and re-pump
beams is required to be 6.567 GHz. OPLL and injection locking are often used to
provide laser pairs for the purpose. For example, Ref. [49] utilized the technology
of side band injection locking to obtain a pair of laser beams with frequencies
stabilized at the two sub-levels of Rb.

For the cooled Cs atoms, the absorption line corresponding to the transition from
6S1/2 (F = 3) to 6S3/2 (F′ = 4) is mostly used. The gap of sub-levels of the ground
state is 8.9536 GHz. Reference [50] presented a scheme to obtain a pair of lasers, as
shown in Fig. 8.11. The master laser is an AlGaAs Littrow ECDL working at
852 nm with frequency stabilized at one of the sub-levels by the saturated
absorption spectroscopy (Cs-SAS), being used as a pump beam. The slave laser is
modulated by RF frequency of 8.9536 GHz; one of its first order side bands is
locked by the master laser, being used as a re-pump beam. In the set-up, the k/2
wave-plate is used to rotate the polarization and to adjust the power for injection,
and the polarization beam splitter (PBS) is used to ensure the polarization direction
matching the optical isolator (OI) and collimating the mode of slave laser. It was

Fig. 8.11 Injection locked lasers for cooled atom researches. Reprinted from [50] with permission
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reported that the injected power to SL is only 0.1 mW, whereas its output reaches
100 mW. The frequency difference between ML and SL can be tuned by tuning RF
source. The set-up was reported being used to study the magneto-optical trap
(MOT) in laser cooling.

Quite many researches are concentrated on the physics of cooled atoms.
Reference [51] presented a scheme with two slave lasers used for pumping and
re-pumping; one of the SLs was injection locked by an ECDL with linewidth of
100 kHz directly, and the other is locked by the first order side band of EOM
modulated master laser beam with modulation frequency of 9.19 GHz. In the
scheme one of the side bands is used as an injecting seed with the others filtered
out. The work adopted a high finesse F-P cavity as the filter; when the base band of
ML is tuned to one of the F-P modes, it will be transmitted totally through the F-P,
whereas the sidebands beams are obtained from the reflection. High speed
switching between different frequencies is also needed in researches of cooled atom
physics. Reference [51] demonstrated an experiment of frequency switching in
20 ls by using a tunable F-P interferometer, which was controlled by a serve.

Electromagnetically Induced Transparency (EIT). EIT is a coherent optical
nonlinearity with manifestation of a narrow width transparency window within an
absorption line of medium under certain pump conditions. It is one of the hot topics
in atomic physics and quantum mechanics, and is with practical interests of
application. The coherent population trapping (CPT) used in laser cooling of atoms
is a special case of EIT. In the researches of EIT and CPT the lasers with narrow
linewidth and stable frequency matching with a group of energy levels are indis-
pensable. Reference [52] reported a set-up for researches of velocity selective CPT,
where the SL is injection locked by one of the side bands of RF modulated ML,
giving a pair of lasers with frequency spacing of 9.2 GHz at 852 nm to match with
the levels of Cs.

References [53–56] presented researches on EIT of rubidium with effect of hyper
fine energy level structures revealed, and on the effect of laser’s linewidth nar-
rowing, which comes from the slow light effect due to the high group dispersion at
the narrow transparent widow of EIT. As an example, Fig. 8.12 shows the exper-
imental set-up used in Ref. [53] to study the linewidth reduction by intra-cavity
EIT, where two ECDLs are used as the coupling laser and the probe laser, both of
them are stabilized by the saturated absorption spectroscopic system (SAS) with a
Rb cell as the frequency discriminator, and can be tuned separately; the laser’s
powers can be adjusted by combinations of half wavelength plates (HWP) and

Fig. 8.12 Experimental
set-up for research of
intra-cavity linewidth
reduction by EIT
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polarization beam splitters. With V-type level structure of 85Rb, EIT is realized in
Rb cell set in the cavity composed by mirrors of M1 and M2. The cavity linewidth
was measured 1.2 MHz, which is sixth of the empty cavity linewidth; in addition,
the narrow linewidth is kept in the tuning range of 100 MHz. A narrower linewidth
of 250 kHz was obtained in Ref. [55], and a low frequency fluctuation of 60 kHz in
the observation time of 2000 s was demonstrated in Ref. [56].

Optical Tweezers. The mechanical force of optical waves can also be used to
move atoms and micro particles. Based on the effect, a special technology emerged
then, called the optical tweezers. More precise performances of lasers are required
for the application of optical tweezers; besides the frequency and phase, the spatial
distribution of optical field is also concerned [57]. There is a broad space for
applications of single frequency semiconductor lasers.

8.3 Optical Frequency Comb and Its Characteristics

Optical frequency comb is a special laser source; in the time domain it is a periodic
ultra-short pulsed laser, usually with pulse-width in the order of femto-second
(fs = 10−15 s); in the spectral domain it is a frequency comb with equal spacing,
narrow frequency width, and an extremely wide envelope. It is a high precision ruler
in the optical spectrum. Its applications cover many areas, include the broad band
optical frequency standard, the optical clock, optical frequency synthesis, precision
measurements of frequency and distance, time and frequency transportation,
coherent control, atto-second (10−18 s) sciences, space technology, astronomy, and
fundamental physical researches. Because of the importance of optical frequency
comb and laser-based spectroscopy, the contributors and inventors, John L. Hall and
Theodor W. Hänsch were awarded the Nobel Prize in Physics 2005 [58]. By the
way, Hall is one of the inventors of PDHmethod introduced in Sect. 6.4, and Hänsch
is the pioneer of polarization spectroscopy introduced in Sect. 6.3.

The frequency comb involves a lot of physical fundamentals and advanced
technologies, and is expounded in papers and monographs [58–66]. Here we just
give a brief introduction to its basic characteristics and applications related to the
single frequency lasers.

8.3.1 Principle of Mode-Locked Laser

The optical frequency comb is generated based on the mode-locked laser [67, 68].
The field of a multiple longitudinal mode laser is written as
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EðtÞ ¼
X
m

Am exp½�jð2pmmtþ/mÞ�þ c.c.; ð8:19Þ

where Am is the field amplitude of mth mode, and /m is its phase. The mode spacing
is the same as that of an ordinary laser: Dm ¼ c=ð2ggLÞ ¼ vg=ð2LÞ, with here cavity
length L, group index gg ¼ gð1þ qÞ, where q ¼ ðm=gÞ@g=@m is the dispersion
coefficient, and group velocity of light vg. The mode spacing is the reciprocal of
roundtrip delay s ¼ 2L=vg. If the index η is a constant in spectrum, q = 0, the mode
spacing Dm will be a constant, and the mode frequency can be written as
mm ¼ mc þmDm, where mc is an offset optical frequency. If the phases of N modes is
locked-in by some method to be the same (with difference of integer multiplied 2p),
and thus can be taken as zero /m ¼ 0, a mode locked laser is then built, whose field
is written as

EðtÞ ¼ e�j2pmct
XN�1

m¼0

Am expð�j2pmDmtÞþ c.c. ð8:20Þ

In case the mode amplitudes are the same, the envelope amplitude is expressed
analytically:

AðtÞ ¼ A
XN�1

m¼0

e�j2pmDmt ¼ A
sinðpNDmtÞ
sinðpDmtÞ e�j½2pmc þ pðN�1ÞDm�t: ð8:21Þ

Its intensity is then obtained as

IðtÞ ¼ A2 sin
2ðpNDmtÞ

sin2ðpDmtÞ : ð8:22Þ

It is a pulse train with repetition frequency of frep ¼ 1=s ¼ Dm, pulse width of
Ds / s=N, and pulse peak intensity of IðtÞ / N2A2. If the mode amplitudes are not
equal with each other, such as in a Gaussian envelope approximately, the analytical
expression may not be obtained, but the laser beam is still a pulse train. It is shown
that the larger the number of locked modes, the narrower the pulse width is, and the
higher the peak intensity is.

In practice, the dispersion is inevitable. According to the universal Kramers–
Kronig relation, the gain spectrum of laser medium causes a correspondent index
spectrum. The dispersion will affect the performances of mode-locked laser. The
number of locked modes will be limited, and the pulse width will be broadened. For
building a mode-locked laser the main task is to find an effective mode locking
mechanism and to expand the spectral range of mode locking. Generally two
methods of mode-locking have been developed. One is the active mode-locking, in
which gain and/or cavity loss of the laser are modulated actively with modulation
frequency equal to the mode spacing. For semiconductor lasers, the active
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mode-locking can be realized by modulating the pumping current; or by inserting a
modulator in the extended cavity. The other is the passive mode-locking, usually
with a saturable absorber inserted in laser cavity. Once some power fluctuation
appears, the saturable absorber will strengthen the fluctuation and suppress its
temporal width; by multiple roundtrips a pulse train will be formed with the rep-
etition frequency matching the roundtrip delay self-consistently.

Due to the great afford in the field, excellent mode locked lasers are now
available. One of the mature devices is the titanium-doped sapphire mode-locked
laser. Typical Ti–sapphire femto-second lasers are working at 800 nm band, with
pulse width of 10–100 fs, repletion frequency of 0.1–1.0 GHz, and covered spectral
range in the order of 10 THz, corresponding to tens nanometers in the near infrared
band. Erbium and ytterbium doped mode-locked fiber lasers are also developed,
whose central wavelengths are at 1560 nm band and 1040 nm band respectively.

8.3.2 Application of Four Wave Mixing
in Frequency Trimming

The mode-locked laser is the basis of ultrahigh intensity, ultrashort pulse laser
source for many important advanced researches. People also intend to utilize it as a
frequency ruler for high precision metrology applications, in which the mode
spacing should be exactly the same, every frequencies should be very stable, and
the total number of frequencies is extremely high, even up to millions. For such
purposes, the nonlinear optical effects (NLO) must be utilized, especially the four
wave mixing (FWM) [67, 68].

In linear medium, the dielectric constant is independent of the intensity of
incident optical beam. When the intensity increases to a certain level, the dielectric
constant becomes dependent on the intensity; the electric polarization will be
proportional to a power series of the electric field:

P ¼ vð1ÞEþ vð2Þ:EEþ vð3Þ:EEEþ � � � ;

no longer a linear function. When two or more optical beams with different fre-
quencies propagate in the medium simultaneously, new frequency waves will
generate due to the product of electric fields. FWM is based on the third nonlinear
effect with coefficient vð3Þ. If the incident optical wave contains three frequencies:
f1, f2 and f3, a new frequency will generate, such as f4 ¼ f1 þ f2 � f3 and
f4 ¼ f1 � f2 þ f3. The FWM occurs also in case of two frequencies, generating the
third frequency of f3 ¼ 2f1 � f2 and f3 ¼ 2f2 � f1, called the degenerate FWM. It is
noticed that the generated frequency is determined by the difference of original
frequencies, independent of the medium dispersion. Furthermore, the generated
frequency will mix with the original frequencies, generating more new frequencies.
Therefore, if FWM occurs continuously, a series of frequencies with exactly equal
spacing will generate.
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However, as the new frequencies generate, their intensities will be lowered; and
the efficiency of nonlinear effect is thus declined correspondingly. Therefore a
sustained FWM process must be assisted by certain power amplification.
Fortunately, high nonlinear optical fibers have been developed, such as photo
crystal fibers (PCF) and micro-structured fibers, where strong nonlinear effects will
occur, including FWM, optical parameter amplification (OPA), Raman amplifica-
tion, and other nonlinear effects; and supercontinuum has been realized based on
the high nonlinear optical fibers. The details can be read in journals and mono-
graphs [67–70].

Incorporated with FWM, optical frequency combs are now built based on
mode-locked lasers. The mode spacing will be trimmed to equal with each other by
the FWM in a propagation distance long enough, and number of frequency teeth
will be increased more and more. The necessary condition is the FWM process
sustained long enough. The PCF with high NLO coefficients can perfectly meet the
requirements [71, 72]. Another scheme is with a resonant cavity, in which FWM
effect will be enhanced greatly [73, 74]. A frequency comb is then generated.

8.3.3 Control of Carrier-Envelope Phase

An ideal frequency comb is an exactly periodical pulse train based on a mode
locked laser with repetition frequency locked on the frequency standard in RF band.
In spectrum domain it can be described by a Fourier series of frequency components
with exactly equal spacing of [71, 72].

fn ¼ f0 þ nfrep; ð8:23Þ

where f0 is the carrier-envelope offset frequency; frep ¼ 1=s is the frequency
spacing, i.e. the modulation frequency of active mode-locked laser. The range of
integer n is determined by the gain spectrum; it may be written as
n0 � n� n0 þN � 1 for total N modes.

Since the optical frequencies are not necessary an integer multiple of frep,
existence of a carrier-envelope offset frequency f0 is inevitable. The offset fre-
quency will cause a phase difference between the pulse peak and the peak of optical
wave, as shown in Fig. 8.13. The optical field is now expressed as

EðtÞ ¼ e�j2pf0t
Xn0 þN�1

n¼n0

An expð�j2pnfreptÞþ c.c. ð8:24Þ

In time domain, the pulse peaks are located at t ¼ M=frep ¼ Ms. With m ¼
n� n0 used as the ordinal number of the summation, the peak field at the peak
moments is written as:
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EðMsÞ ¼ e�j2pðf0 þ n0frepÞMs
XN�1

m¼0

Ame�j2pmfrepMs þ c.c. ¼ e�j2pf0Ms
XN�1

m¼0

Am þ c.c.

ð8:25Þ

The phase difference between the adjacent pulse peaks, Mth and (M + 1)th, is
then obtained as D/ ¼ 2pf0s, which is called the carrier-envelop phase, as shown in
Fig. 8.13a [59, 60].

One of the important applications of frequency comb is to establish a high
precision frequency standard and time standard, i.e. an optical clock. The modern
time standard affirmed by international organizations is based on the transition
between two ultra-fine levels of 133Cs; that is, one second equals 9,192,631,770
periods of the radiation generated by the transition. Because the optical frequency is
3–4 orders higher than microwave frequency, the precision of timing by using
optical frequency will be much higher than that by microwave, if the precision of
frequency counting is the same. For the purpose, the measurement of optical fre-
quency must be linked with the microwave frequency of radiation of 133Cs or other
atoms. If the mode spacing of optical frequency comb is equal to the frequency
standard in RF band, the comb will play a role of time standard in optical band.

The precision of frequency counting is affected by the carrier-envelop phase D/.
Such a phase exists almost in all mode-locked lasers, but it does not lead to serious
effects for wider pulses. However, in applications of time standard, the pulse width

Fig. 8.13 a Waveform of femto-second pulse train; b Spectral relations of comb and its octave
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is decreased to the order of 10 fs, in which only 2–3 period of optical oscillation is
involved. The variation of carrier-envelop phase becomes an important noise of
pulse peak position measurement, and brings about a serious influence on the
quantitative relationship between the optical frequency and the microwave fre-
quency. In applications, it is needed to transport the comb through optical fibers; the
fiber dispersion will further enlarge the carrier-envelope phase. The length and the
index of fiber and other medium are susceptible to temperature fluctuation and
mechanical vibrations. Due to such noises the carrier-envelope phase will fluctuate
randomly.

Therefore the carrier-envelope phase must be measured and removed, especially
for the comb applications with metrological significations, such as atomic clocks.
A special technology, called self-referencing is developed for the purpose [60–62].
Its basic concept is to compare the comb spectrum fn ¼ nfrep þ f0 at the longer
wavelength band with its optical octave f2n ¼ 2nfrep þ f0 at the short wavelength
band; the offset frequency can then be obtained: f0 ¼ 2fn � f2n. The frequency span
for producing f2n is so wide that the supercontinuum has to be utilized, which
combines FWM, the optical parameter amplification (OPA) and other nonlinear
effects together in high nonlinear photonic crystal fibers [69]. In the process the
comb frequency can be duplicated with equal spacing, while the offset frequency
keeps unchanged. Besides, two reference frequencies f and 2f are needed to
measure frequencies fn and f2n by beating, as illustrated in Fig. 8.13b.

Figure 8.14 shows a schematic diagram of typical setup for carrier-envelop
offset frequency measurement [60–63]. The optical frequencies of comb must be
traced to the frequency standard in RF range for its applications as the frequency
ruler. The repetition frequency of femto-second laser is stabilized on the reference
frequency given by the synthesizer traced to a Cs clock by using PZT to control its
cavity length. The frequency comb is obtained in transmitted beam of fs laser from
the nonlinear fiber (NLO). A frequency stabilized laser is used to generate reference
frequencies of f and 2f , by using the second harmonic generation (SHG). For
example, an Nd–YAG laser with frequency stabilized at one of the absorption lines
of iodine (I2) was used in Ref. [60]. Two groups of frequency pairs are resolved by

Fig. 8.14 Measurement
setup of carrier-envelope
offset frequency
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the grating, and correlated at the two PDs respectively. The beat frequencies are
measured by a frequency counter:

Df1 ¼ f � ðnfrep þ f0Þ
�� ��

Df2 ¼ 2f � ð2nfrep þ f0Þ
�� ��: ð8:26Þ

The carrier-envelope offset frequency f0 can then be obtained from 2Df1 � Df2,
after the possible sign uncertainty in the absolute arguments above is cleared [60].
The measured offset frequency is then used to determine the frequencies of comb
teeth. The process of such measurements and controlling involves a series high
precision technologies and deep physical mechanisms. Details can be read in the
references.

8.4 Applications of Optical Frequency Comb
in Laser Frequency Transfer

As stated above, the applications of frequency comb cover many areas. Among
them, laser frequency stabilization and frequency transfer are mostly attractive and
useful.

8.4.1 Optical Frequency Locking and Frequency
Synthesizer

The optical frequency comb provides an absolute frequency standard in an extre-
mely wide band to be used for the frequency stabilization of lasers in all over the
band. In applications, a source with an arbitrary accurate frequency is often
required, called the optical frequency generator or the optical frequency synthesizer
(OFS). The comb contains 10 thousands to millions frequencies. However, limited
by the total output power, the power of each comb tooth is very small, unable to be
used simply by just spectrally decomposition. The mostly used method for OFS is
to use one of the comb frequencies as a reference frequency to stabilize a laser, so
that the laser will give output not only with an accurate frequency, but also with
higher power.

Figure 8.15 shows a schematic diagram of frequency stabilized laser based on
comb [75]. The single frequency laser can be correlated with all of the comb teeth,
giving a series beat frequencies; the lowest beat frequency corresponds to the
nearest comb tooth. A narrow linewidth low pass filter (LPF) is used to select one of
them as the frequency discriminating signal. It is usually converted from analog to
digital and feedback to the laser driver via PPL to build an OPLL. When the OPLL
is established closely, the laser frequency will be stabilized to the selected comb
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tooth. By using a heterodyne PLL, the laser frequency can be locked to some
position between two adjacent teeth. Good results were demonstrated by the
scheme in the experiments reported by Ref. [75], where a comb with spectral width
of 520–1100 nm was used, and the signal-to-noise ratio of output reached 40 dB,
measured with 100 kHz detection bandwidth.

The combs are also used for the injection locking of semiconductor lasers. By
the method multiple diode lasers can be locked simultaneously with absolutely
standardized frequencies. Figure 8.16 shows a schematic diagram of such a system
[76, 77], where the femto-second comb is used as the master laser, the scanning F-P
interferometer is used to select a group of comb teeth, which are resolved spatially
by the grating. On the part of slave lasers, an optical isolator (OI) based on Faraday
rotation is used, and the locked laser beam outputs from the polarization beam
splitter. A taper waveguide semiconductor amplifier (SOA) may be used for those
comb teeth with low powers. The system contains monitoring and controlling
elements for optimization of working state, which is not depicted in the figure for
simplicity.

Since the comb has functions of tracking frequencies to the frequency standard,
it is a powerful tool for measuring frequencies with absolute metrological signifi-
cance. In the experiment reported by Ref. [78], one of the comb teeth was selected
by an arrayed waveguide grating (AWG), which is used widely in fiber commu-
nication systems, and used to stabilize the frequency of DFB laser by injection
locking. Its output was then mixed with another laser, which is stabilized by P16

Fig. 8.16 Injection locked
laser system based on
frequency comb

Fig. 8.15 A laser with
frequency locked at accurate
standard given by comb
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absorption line of acetylene (13C2H2). From the beat frequency, the frequency of
P16 transition is then precisely measured to be 194,369,569,385.7 kHz.

8.4.2 High Precision Optical Frequency Sweeping

Frequency swept lasers are often required to give quantitatively absolute frequency
reading in some applications, such as a frequency (wavelength) meter. The fre-
quency comb makes it possible. However, if the frequency is located at the middle
of two teeth, ðfn þ fnþ 1Þ=2, an uncertainty will occur both in case of frequency
locking and in frequency sweeping, especially when the sweeping range is over two
or more comb teeth. To solve the uncertainty, several methods have been proposed.
The basic idea is to adjust the repetition rate of comb controllably.

Figure 8.17 shows a scheme proposed by Ref. [79]. In the system a part of
output beam of the frequency swept laser is modulated by an acousto-optic mod-
ulator; its 0th order component, i.e. the laser frequency fcw, and the first order
component ðfcw þ fRFÞ are beaten with the comb output, and detected by PD1 and
PD2 respectively. The comb output is also correlated with an idiom stabilized laser
with beat signal detected by PD3 for tracking the frequency standard. The three beat
signals are processed in the digital servo, which provides three signals to control the
frequency swept laser, the AOM, and the repletion rate of comb, respectively.
When the tuned frequency approaches and crosses the middle point between the
teeth, the modulation frequency of AOM will be adjusted or switched to maintain
the continuous tuning. All the frequencies are locked to the atomic clock.
A sweeping speed of 30 GHz/s and a frequency stability of *2 � 10−14 were
reported in this system.

Because the power of a single tooth is very low, the frequency stabilized laser
utilizing only one comb tooth has a shortcoming of low SNR. A scheme of using
multiple comb teeth was proposed [80], as shown in Fig. 8.18. A comb based on fs
mode-locked fiber laser at 1560 nm band was used in the experiment. The system
has the following features.

Fig. 8.17 A frequency swept
laser locked to a comb
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An imbalanced Mach-Zehnder interferometer is used as the frequency discrimi-
nator, with a 10 m long PMF inserted in one arm to shift the interference signal to a
bias frequency of maom. The output of MZI for comb light, depicted by solid lines in
the figure, is detected by PD3. The output of MZI for ECDL laser, depicted by
dashed lines, is detected by PD2. To distinguish the signals of comb and those of
ECDL, a double sideband Mach-Zehnder modulator (MZM) is used to shift the
frequency of ECDL by mmod. The beat signals of AOM transmissions of comb and
ECDL are analyzed by the spectrum analyzer. The interferometer works in the way
of common mode for the two light waves to mitigate external disturbances.

The conducive bandwidth of MZI is related to the second order dispersions of
fiber, b2 ¼ @2b=@x2

�� ��, which induces a dephasing factor D/ ¼ b2LDx
2=2 for path

difference L. If a dephasing of 1 rad is taken for estimation, the conducive band-
width is obtained to be Dmcomb ¼ 2=ðp ffiffiffiffiffiffiffiffiffiffi

2b2L
p Þ. The PMF used here is helpful to

avoid the polarization fading. The number of comb lines in the bandwidth reached
10 thousands in the experiment, whose power is much higher than only one line
when used for discriminating the frequency of ECDL. To match with the bandwidth
a filter is used to get rid of comb lines out of the band, which will otherwise reduce
the visibility of interferometer.

The optical path difference is fine-adjusted by the variable delay line (VDL) to
obtain synchronization of pulses. The detected signals of three PDs, I1, I2 and I3,
contain interference signals with different frequencies. By mixings of them in data
processing, the error signal, / P

n cos½2pðmecdl � mnÞtþ/�, can be obtained and is
used to lock the ECDL frequency. Detailed analyses of this scheme are given in
Ref. [80], and experimental results are demonstrated with frequency stability of
Dm=m ¼ 3� 10�9.

For applications of comb in the fiber communications, Ref. [81] proposed a
scheme of frequency sweeping by means of tuning the repetition frequency of fs
mode-locked laser; and arbitrarily customized frequencies were obtained in the
C-band covering 192–196 THz. In the experiment a comb based on Ti–sapphire fs
laser was used, whose frequencies were locked on the standard given by
hydrogen-maser, and frequencies of external cavity diode lasers were locked on the
comb lines. The frequency sweeping range of several GHz was reported. Reference

Fig. 8.18 A frequency
stabilized laser by using
comb. Solid line: comb path;
doted line: ECDL path; VDL
Variable delay line; MZM
M-Z modulator; SA Spectrum
analyzer

8.4 Applications of Optical Frequency Comb in Laser Frequency Transfer 261



[75] reported experiment on fast frequency switching, showing a response rate of
8 MHz per millisecond.

In the above schemes of tuning comb the basic idea is to adjust the repetition
rate, so that different comb teeth will be tuned in different rate because the spacing
between them is changed. Reference [82] proposed a different scheme, which is
based on the external modulation, which will tune all the comb teeth in the same
rate with the spacing kept unchanged. Such a tuning way is required in some
applications. Figure 8.19 shows a schematic diagram of the external modulation of
comb. The external modulation here is different from that described in Sect. 7.3 for
tuning a single frequency laser working in continuous wave mode (cw). The
external modulation of comb is for a pulse train; the driving voltage of modulator
must be synchronized with the pulse repetition rate.

Referring to formula (7.17), the phase variation is a function of wavelength,
written as

D/ ¼ pcðkÞn30ðkÞ
k

VðtÞL
d

ð8:27Þ

Obviously, it is not only inversely proportional to the wavelength, but also
determined by the dependence of the electro-optic coefficient of crystals on
wavelength; and the dispersion of crystal has to be taken into account also. It is
much different from the case of cw single frequency laser, since the spectrum of
comb covers an extremely large range. To overcome the problems, real-time
monitoring and feedback control are necessary. Detailed experimental setup and
results are given in Ref. [82].

The optical frequency comb plays important roles in many areas, especially in
researches of the cooled atom physics and the quantum optics [83–86]. Detailed
reviews are given in Refs. [87, 88].
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Chapter 9
Applications of Single-Frequency
Semiconductor Lasers

9.1 Applications in Laser Cooling and Related
Technologies

Laser cooling of atoms is one of the most attractive progresses in laser technology.
The cold atomic clock and optical clock are developed based on the achievement.
The single-frequency semiconductor laser is a key device in R&D of this field.

9.1.1 Time Standard and Atomic Clock

Time is one of the most important physical quantities, not only for people’s daily
life, but also for development of sciences and technologies. People began to
measure the time thousands years ago by sundial, water-drop counting, and other
methods. The pendulum clock, spring clock, and watch were invented long time
ago, still used nowadays. Timing with error less than one second per day may meet
the demand of daily life for ordinary persons, but far away from the requirement of
modern technologies. Although the precision of quartz clock has reached 10−4 s per
day in the past century based on the achievement of electronics, the frontier sci-
entific researches and the more advanced technologies require higher precision of
several orders. Noticing the stability of atom’s absorption spectra, people made
efforts to develop a new frequency standard and time standard based on the atom’s
absorption lines. A cesium (133Cs) atomic clock was developed, indicating the
emergence of a new era of time counting, the atom’s time [1]. Based on the
successful development of atomic frequency standard, one second was defined as
the duration of 9,192,631,770 cycles of the electromagnetic radiation corresponding
to the transition between the two fine levels of cesium in the Thirteenth
International Conference of Metrology 1967. The new standard replaces the
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original standard based on the moving period of the sun; the astronomical time unit
was then measured with the atom frequency standard [2, 3].

The basic structure of atomic clock is composed of a frequency transfer chain,
where the frequency of crystal oscillator is locked to the resonant frequency of a
resonator containing the atom’s vapor. The mostly used atoms include cesium (Cs),
rubidium (Rb), and hydrogen (H-maser). Figure 9.1a shows a schematic diagram of
atomic clock, where the microwave resonant cavity filled with the atom’s vapor
plays a role of frequency discriminator. The beat signal given by mixing of the
atom’s transition frequency and the crystal oscillation is used as feedback error
signal to control the frequency of crystal oscillator. A frequency synthesizer is used
to cascade the oscillation frequency matching with the transition frequency, and
PLL is used to process the error signal.

The precision of atomic clock is increased with the sustaining time of reaction
between microwave and atoms, which move in a straight line. Since the velocity of
atom’s movement is very fast in room temperature, a long cavity is needed.
However, some unfavorable factors occur in a long cavity, related to the uniformity
of microwave field, the mechanical stability, and others. To avoid those difficulties
N.F. Ramsey invented a special cavity after his name, as shown in Fig. 9.1b
schematically. It is a cavity composed of two symmetrically and separately arran-
ged sections with microwave phases locked with each other. With Ramsey cavity
the performances of atomic clock were improved greatly and the atomic clock was
developed successfully. Due to this contribution, Ramsey won the Nobel Prize in
physics 1989 [4]. In the structure of Fig. 9.1b, the pump laser is used to select one
single state from the fine level structures of the atoms; the probe laser is used to
excite photoluminescence of the state reacted with the microwave, and detected by
a photodiode. When the microwave frequency is tuned, the PD signal will show an
interference pattern of atom-microwave reactions, called Ramsey fringes, which
have linewidth much less than that of ordinary resonant cavity. The interferometric
data can also be measured by detecting the number of reacted atoms by using the
effect of magnetic deflection. Various atomic clocks, e.g., Rb-clock and H-maser,
have been used widely in many important areas of advanced technologies, such as
in telecommunication networks for synchronization of nodes, and in global navi-
gation systems.

Fig. 9.1 a Basic structure of atom clock. b Ramsey cavity of atom clock
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9.1.2 Laser Cooling of Atoms and Cold Atomic Clock

The precision of atomic clock is related mainly to two factors: the frequency width
of atom’s absorption line, and the duration length of reaction between atoms and
microwave. The former is determined by the atom’s intrinsic property, but it will be
broadened by thermal movement, i.e., Doppler Effect, and the effect of external
electromagnetic field, i.e., Zeeman Effect and Stark Effect. Therefore, cool down
the atoms is the basic and necessary method for enhancing the precision of atomic
clock. The accompanied advantage of using cooled atoms is that the reaction
duration of microwave with the atoms will be extended, making the noises of
atomic clock reduced.

After the invention of lasers, it was expected to cool the atoms by utilizing the
exchange of momentums between atoms and photons [5]. The physics of cooled
atoms and the cold atomic clock become hot R&D topics of advanced technology
now. The atomic clock with cooled atom fountain came out successfully in 1990s
[6]. For development of methods to cool and trap atoms with laser light, Steven Chu,
Claude Cohen-Tannoudji, and William D. Phillips won the Nobel Prize in physics
1997 [7, 8, 9]. The precision of Cs fountain clock was reported 4–5 � 10−16 in 2010
[10]. As the development of space technology, especially the successes of global
positioning system, a new target is to use the cold atomic clock in space [11]; it is
expected that the frequency stability of cold atomic clock will be enhanced by one
order in the environment without gravity. The basic concepts of laser cooling and
related topics are explained qualitatively below.

(1) Laser Cooling and Trapping of Atoms

Cooling technology has played important roles in people’s daily life, industries, and
scientific activities. The classical method is based on the thermal dynamics; it has
pushed the low temperature record down to far below the condensation point of
helium. However a limit exists for further approaching the absolute zero point at
−273.15 °C before the laser cooling.

It is well known that photons have not only energy of hm = mc2, but also
momentum of mc ¼ hm=c ¼ �hk. Photons will thus give a pressure to an object
which they hit, called the light pressure. The tail of comets is just explained by the
effect. The process of laser cooling is described by Fig. 9.2a, where the atom
moving in the direction toward left absorbs a photon propagating in the direction
toward right. According to the momentum conservation law, the atom velocity will
be decreased, while its energy is increased, expressed as:

E1 þ 1
2
lv21 þ �hx ¼ E2 þ 1

2
lv22; ð9:1Þ

lv1 þ hk ¼ lv2; ð9:2Þ

where E1,2 are the energies of atom before and after the transition, v1,2 are the
correspondent velocities, l is the atom’s mass. If |v2| < |v1|, the atom is slowed
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down by a certain amount. It is therefore required that the light frequency must
match with the absorption line. That is why the laser beam with monochromaticity
good enough must be used. The atom at the excited state will eventually return back
to the ground state by spontaneous emission in directions distributed randomly. If
the process is accumulated, the atoms will be cooled as a whole. For a continuous
laser cooling, the following factors must be taken into consideration.

Doppler Effect. As discussed in Chap. 6, the photon frequency observed by a
moving atom will deviate from that of a static atom by Doppler shift of
DxD ¼ k � v. Therefore, the cooling photon should have a negative detuning related
to the peak of absorption line. Such a detuning is decreased as the atom is cooled
down. Therefore, a precisely stabilized laser with controllable tunability is a basic
condition for laser cooling. However, the laser frequency swept in serrated waves
cannot meet the requirement of continuous cooling. To solve the problem, Stark
Effect or Zeeman Effect is utilized [12]. If the cooling occurs in a spatially varied
electric field or magnetic field in the laser beam direction, the absorption frequency
of atoms will be changed correspondingly, and match with the frequency stabilized
laser self-consistently along with the cooling process. A precisely designed cavity is
then needed.

Re-pumping. As stated above, the atom at the excited state will return back to
the background state by spontaneous emission. However, the background state is
generally split into two levels with a small gap due to the electron spin. Some
fraction of atoms exited from one of the two levels will return to the other level; and
the number of atoms at that level will increase more and more. Another laser beam
with frequency corresponding to the latter level is thus necessary for a continuous
cooling. The latter process is called re-pumping.

Trapping of Cooled Atoms. Obviously it is necessary to cool down the atoms
in the three-dimensional space, so that 6 laser beams propagating in x, y, and
z directions oppositely are needed. Figure 9.2b shows a schematic diagram, where
the opposite beams are obtained by three mirrors. The cooled atoms are concen-
trated around the middle point, forming the so-called molasses, which contains
number of cooled atoms more enough for research and application. However, the
atoms in molasses will diffuse off, and go down by the gravity. To keep the cooled
atoms in a small volume, some trapping technologies are developed. Among them,

Fig. 9.2 a Schema of laser
cooling of atom. b Formation
of cooled atom molasses
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the magneto-optical trap (MOT) is one of the mostly used methods. MOT uses a
magnetic field with a designed gradient to confine the atoms based on Zeeman
Effect. Other methods include bipolar force trapping, etc. [12].

Limitation of Lowest Temperature. The cooling process described above is
termed Doppler cooling since decreasing of Doppler frequency shift is accompanied
in the process. When the velocity is decreased to a certain degree, the absorbed
photon energy will transfer to the thermal energy. The atoms will get a momentum
in randomly distributed directions when they transit from the excited state down to
the ground state by spontaneous emissions. In other words, a heating effect becomes
dominant at a certain low temperature; and a limitation of lowest cooled temper-
ature exists. Theoretical analyses indicate that the limitation is related to the natural
linewidth dm of the atom, expressed as Tmin = hdm/2kB, where kB is the Boltzmann
constant. It is reported that the limited temperature is 124 and 145 lK for cesium
and rubidium, respectively [12]. To overcome the limitation, sub-Doppler cooling
methods are developed, such as with polarization gradient, with magnetic induction,
and with velocity selective coherent population trapping (CPT).

(2) Fountain Clock with Cooled Atoms

The cooled atom will extend the reaction time with the microwave in the cavity
when utilized to build an atomic clock. However, the slow the atoms move, the
more serious the deflection of atom beam occurs in the gravity field, except for the
case of vertically moving atoms. It means that the cavity should be arranged in
vertical direction, so that the atomic beam will be moving like the water fountain. In
the atomic fountain as shown in Fig. 9.3a, the atoms will react with the microwave
field twice in a roundtrip; the cavity can be regarded as a folded Ramsey cavity [4,
6]. The equipment is surrounded by a magnetic shield to prevent the influence of

Fig. 9.3 a Schema of cold atomic fountain clock. b Ramsey fringes (upper) and one middle
fringe (down). Reprinted from Ref. [15] with permission
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the earth magnetic field; C-filed in the figure is a controllable weak magnetic field,
playing a role of removing degenerate of Zeeman levels. A molasses is formed by
six laser beams (including pump and re-pump lasers), and trapped in the MOT built
by the magnetic field. A certain fraction of atoms in the MOT will be tossed upward
by switching one of the lasers off, and then return back. The changes of atomic
states are measured by the detection beam below the MOT.

The integrating sphere cold atom clock is a compact atomic clock that uses
diffuse laser cooling [15]. Fig. 9.3b shows the measured Ramsey fringes of the
clock, where the whole spectrum is given in the upper, and a single fringe at the
middle part is shown in the below. The frequency width down to 20Hz was
measured, much less than the microwave cavity width of about 1000Hz.

The above introduction to laser cooling is just a simple and qualitative
description. The movement of atoms should be regarded as an ensemble, instead of
individuals. It is necessary to analyze the process from viewpoint of the interaction
between atoms and laser field, based on the theories of quantum mechanics and
laser physics [12–14]. The mechanical force of laser field should be described as a
stress tensor:

T ¼ e0ðEE� E2I=2Þþ l0ðHH � H2I=2Þ; ð9:3Þ

where I is a 3 � 3 unity tensor. The force of laser field applied on an object is
f ¼ n � T, where n is the normal vector. The atomic system should be defined by a
certain Hamiltonian. The behavior of atoms in such a field obeys quantum
mechanical equations. Further description and theoretical analysis are beyond the
scope of this book. The mechanisms and theories of physical processes and related
technologies can be found in journals and monographs in details.

Since the requirement to laser’s power is not high for research and development
in this field, the semiconductor laser is regarded as the best candidate. Obviously, a
high coherence semiconductor laser with frequency stabilized on absorption lines
and with fast and precise tunability is one of the key devices.

A further splendid target of the cold atom clock is to march in space with little
tiny gravity, where the fountain effect becomes unwanted, and the microwave
cavity can be designed more freely. It is believed that the precision of global
positioning system will then be greatly enhanced. People are also pursuing the
optical clock, in which atoms with highly stable energy levels, such as strontium
(Sr), are trapped in the optical lattice, and incorporated with the femtosecond optical
frequency comb as the accurate frequency measurement [15–19]. It is reported that
the optical clock will provide the most accurate frequency standards with precision
of one second per 300 million years [20].

(3) Other Topics of Atomic Physics and Related Technologies

Electromagnetically Induced Transparency (EIT). The typical picture of EIT is
a narrow width transparency window within an absorption line of material under
certain pump conditions [21–24]. Its mechanism involves a group of energy levels,
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basically in three configurations: K-type, V-type, and ladder type, as shown in
Fig. 9.4a, where xp is the frequency of probe light, xc is the frequency of coupling
light; the transitions with symbol “x” are forbidden. The absorption is prevented by
the destructive interference of the transitions between related energy levels when
the material is pumped by the coupling light; the effect of EIT can then be measured
by the probe. With the coupling light on, a transparency window will generate at the
central part of absorption line, though the population at the ground state is main-
tained much larger than that at the excited state. Figure 9.4b shows two spectra for
the case with coupling beam by the solid line and for the case without coupling
beam by the dashed line. More levels may involve in the process to form a
tripod-type configuration or others. Sub-levels of ultra-fine structure will also do so,
showing multiple peaks in the EIT spectrum.

The mechanism of EIT is a destructive interference of wave functions related to
the two transitions, described by Rabi oscillations in the quantum mechanics.
Theoretically, the interaction of the atom and the coupling optical field can be
described by the picture of dressed state. For example, in K configuration level E2

will be split into two, leaving the original level as a transparent hole in spectrum. In
the ideal case, the absorption line shape measured by a weak probe with frequency
of xp can be expressed as [23]

LðdxpÞ ¼ 4
p

dxp

X2
c � 4dx2

p þ j2c12dxp
; ð9:4Þ

where dxp ¼ xp � x12 ¼ xp � ðE2 � E1Þ=�h, c12 is the linewidth of j2i ! j1i
spontaneous transition, Xc is Rabi frequency. It is shown that the transparency
occurs at xp = x12, and the absorption peak moves to its two sides at
xp ¼ x12 � Xc.

Such a state of an atom is also called the dark state, with no photon absorbed,
neither emitted. For a collection of atoms, the interaction with the coupling optical
field will make the system into a trapped state, called coherent population trapping
(CPT). Taking the kinetic energy into Hamiltonian, the velocity selective CPT is
used to overcome the Doppler limitation in the laser cooling.

Fig. 9.4 a Three types of level configurations; b EIT spectrum
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Obviously, the transparent dip within the absorption line is very narrow,
resulting in a strong dispersion of refractive index based on Kramers–Kronig
relations. The light velocity at the region is lowered greatly. By using such a
slow-light effect in lasers, the intra-cavity EIT, the laser line will be narrowed
effectively [25–27].

Optical Tweezers. The mechanical force of laser field cannot only slow down
the atoms, but also trap a nanometer- and micrometer-size dielectric particle in a
highly focused optical beam. The particle can then be moved by the optical beam.
Based on such an effect a special technology termed the optical tweezers is
developed [28–30]. According to Maxwell electromagnetic field theory, the light
pressure is described by the momentum of field. At the focused point of laser beam,
the strong electric field gradient at the beam waist will generate a centripetal force,
and a particle can be trapped there under certain conditions. The laser beam for
optical tweezers is required not only with higher coherence, but also with con-
trollable beam shape, special polarization states, and precisely movable focus. With
the controllable orbital angular momentum of light, the micro particles can also be
rotated [31]. The optical tweezers are very suitable to manipulate biological objects,
becoming an important technology in related areas. The theory and technology are
beyond the scope of this book. Interested readers can find them in literature.

9.1.3 Data for Atomic Physics and Related Spectroscopy

This section provides data of elements used mostly in researches of cooled atoms,
and in laser spectroscopy. Some of the basic data are referred from Ref. [32].

(1) Rubidium (Rb)

Atomic number Z = 37. Mass number 85 (abundance 72.15%); 87 (abundance
27.85%). Melting point: 38.89 °C. Boiling point: 688 °C. Specific gravity:
1.532 g/cm3 (solid state) and 1.475 g/cm3 (liquid state). Vapor pressure at 300 K:
*10−6 mmHg. Electron configuration: 1s2; 2s2, 2p6; 3s2, 3p6, 3d10; 4s2, 4p6, 5s1.
Valence = 1. The internal electron configuration is the same as the inertial gas
krypton (Kr).

The transition related to laser cooling is from the ground state 5S1/2 to the first
excited state 5P3/2 of the valence electron, called D2 line. The transition from 5S1/2
to 5P1/2 is called D1 line. Figure 9.5 shows the fine structure of D2 line of its two
isotopes 85Rb and 87Rb [12, 33]. The quantum number F is the total angular
momentum, including the spin momentum I of atomic nucleus, which is 5/2 and 3/2
for 85Rb and 87Rb, respectively. The working frequency of 87Rb clock is
6,834,682,610.904324 Hz; the working wavelength of pump laser is 780.02 nm
[19].

Relations between frequency and wavelength: Wavelength 780 nm corresponds
to 384 THz. Dk/Dm = 2.03 pm/GHz; Dm/Dk = 493 MHz/pm. Frequency width of
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1 MHz corresponds to wavelength width of 2.03 fm (1 fm = 10−15 m). Doppler
linewidth of D2 line at room temperature is about 500 MHz.

(2) Cesium (Cs)

Atomic number Z = 55. Mass number 133 (abundance 100%); atomic weight
132.9054. Melting point: 28.4 °C. Boiling point: 669.3 °C. Specific gravity:
1.8785 g/cm3 (solid state). Electron configuration: 1s2; 2s2, 2p6; 3s2, 3p6, 3d10; 4s2,
4p6, 4d10; 5s2, 5p6; 6s1. Valence = 1. The internal electron configuration is the
same as the inertial gas xenon (Xe).

The transition related to laser cooling is the D2 line from the ground state 6s1/2 to
the first excited state 6p3/2 of the valence electron. Figure 9.6 shows the fine
structure of D2 line [12]. The quantum number of nucleus spin is I = 7/2. The
quantum number F of total angular momentum is indicated in the figure. The
working frequency of 133Cs clock is 9,192,631,770 Hz exactly; the working
wavelength of pump laser is 852.11 nm [19].

Relations between frequency and wavelength: Wavelength 852 nm corresponds
to 352 THz. Dk/Dk = 2.42 pm/GHz and Dm/Dk = 413 MHz/pm. Frequency width
of 1 MHz corresponds to wavelength width of 2.42 fm.

(3) Strontium (Sr)

Atomic number Z = 38. Mass number 88 (abundance 82.74%), 87 (abundance
6.96%), 86 (abundance 9.75%), 84 (abundance 0.55%). Melting point: 769 °C.
Boiling point: 1384 °C. Specific gravity: 2.54 g/cm3. Electron configuration: 1s2;

Fig. 9.5 Fine-structure of D2

line of 87Rb and 85Rb. Unit
MHz. Reproduced from [32]
with permission

Fig. 9.6 Fine-structure of D2

line of 133Cs. Unit MHz
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2s2, 2p6; 3s2, 3p6, 3d10; 4s2, 4p6, 5s2. Valence = 2. The internal electron configu-
ration is the same as the inertial gas krypton (Kr).

Figure 9.7 shows energy level structure of 87Sr, where the transitions with 461,
679, 689, and 707 nm are used for cooling; the transition from state (5s2)1S0 to state
(5s5p)3P0 is used for the optical clock. The working frequency is
429,228,004,229,873.4 Hz corresponding to k = 698.445709612754 nm [17, 19].

(4) Sodium (Na)

Atomic number Z = 11. Mass number 23 (abundance 100%); atomic weight:
22.98977. Quantum number of nucleus spin is I = 3/2. The wavelengths corre-
sponding to transitions from 32S1/2 to 32P3/2 and to 32P1/2 are 588.995 and
589.592 nm, respectively, the well-known sodium double yellow lines. The gap
between the fine levels of the ground state is 1772.6261288 Hz, as shown in
Fig. 9.8 [12].

(5) Hydrogen (H)

Atomic number Z = 1. Mass number 1 (abundance 99.985%); deuterium 2
(abundance 0.015%); tritium 3 (instable). Quantum number of nucleus spin of H is
I = 1/2. The transition related to the microwave amplifier of stimulated emission
(H-maser) is between the two sub-levels of the ground state, F = 0 and F = 1 with
gap of 1,420,405,751.7667 Hz, which is just the working frequency of H-maser
[12, 19].

Fig. 9.7 Structure of 87Sr
energy levels

Fig. 9.8 Fine-structure of D2 line of Na. Unit MHz
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(6) Absorption lines of methane (CH4) in near infrared band

Methane is the main component of natural gas, one of the most important energy
sources, and also one of the origins of mine disasters. Its detection and sensing
attract great attentions of researches and industries. The absorption spectrum of
molecules covers usually a wide range. The absorption of methane is mainly in the
band of 3 lm. Since the devices and components in the near infrared band are most
mature and cheap due to the development of fiber communications, data in the band
are given here. Figure 9.9 is the absorption spectrum at band 2m3 [34–36]. The data
given by different sources may differ a little from each other. Table 9.1 shows the
positions of several lines in band 2m3, given by Ref. [34].

(7) Absorption lines of acetylene (C2H2) in near infrared band

Acetylene is a flammable gas with high energy. Its absorption lines in the near
infrared band are often used as reference frequencies for optical communication
lasers. Figure 9.10 shows the absorption spectrum of R and P branches in the band
near 1550 nm [37].

(8) Absorption lines of carbon dioxide (CO2) in near infrared band

Carbon dioxide is regarded as the greenhouse gas of the earth. Its detection and
measurement is an important mission for environment protection. Figure 9.11
shows its absorption spectra in the near infrared band [36].

Fig. 9.9 Absorption spectrum of methane at band 2m3. Reprinted from Ref. [36]

Table 9.1 Wavelengths of absorption lines of methane at band 2m3 [34]

k (nm) k (nm) k (nm) k (nm) k (nm)

R0 1662.327 R3 1653.728 R4 1650.961 R5 1648.239 R6 1645.568

R1 1659.413 1653.726 1650.959 1648.234 1645.532

R2 1656.547 1753.722 1650.955 1648.221

1656.546 1650.948 1648.218
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9.2 Applications in Optical Communications

9.2.1 A Brief Review of Optical Fiber Communications

The invention of laser stimulated the birth of optical communication. Especially,
since Sir Charles Kuen Kao proposed and expounded the usage of optical fiber in
communications in 1960s [38], the fiber communications have achieved great
progresses, and become one of the foundation stones of the information era. For the
contribution, Kao was awarded the Noble Prize in physics 2009. The fiber com-
munications basically uses the system of intensity modulation and direct detection
(IM-DD) now. The information is carried by optical pulses encoded with standards

Fig. 9.10 Absorption spectrum of acetylene in the near infrared band. Reprinted from [37] with
permission

Fig. 9.11 Absorption spectra of carbon dioxide in near infrared band. Reprinted from [36]
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of pulse code modulation (PCM), transported via optical fibers, and received by
photodetector at the terminal. The waveform of detected signal is directly propor-
tional to the optical intensity. The data transportation with code rate higher than
40 Gbit/s is now commercially available. The multiplexing of channels makes the
capacity of communication system increased greatly. The most effective method is
the dense wavelength division multiplex (DWDM). The spacing between channels
used widely is 50 and 100 GHz; the wavelength covers a broad range from 1310,
1550 nm (C-band), through the ultra-long wavelength of 1670 nm. As the space
technology developed, optical communications in free space between satellites and
between satellite and ground station are playing more and more important roles.

The semiconductor laser is the key component in the optical communications,
due to its advantages of high speed response, low cost, and the compatibility with
the optical fiber. The limitation to the speed and capacity of communication is
mainly from the fiber loss and its dispersion. The dispersion causes optical pulses
broadened, and increases code errors. The main measure of avoiding the influence
of dispersion is to use single longitudinal mode LD source, which should maintain
narrow linewidth under high-frequency modulations. The DFB laser introduced in
Chap. 4 is now used almost in all practical communication networks.

The lasers used in DWDM transmitters are required not only with a stable single
mode, but also with the peak wavelengths stabilized at the standard formulated by
the International Telecommunication Union (ITU), which is 193:4� n � 0:1 THz
for 100 GHz DWDM system in the 1550 nm band. The number of LD for different
channels is demanded up to hundreds or more in the system. The reference fre-
quency for frequency stabilization is usually provided by thin film filters (TFF), and
traced to the absorption line of acetylene (C2H2). Another important device used in
DWDM is the erbium-doped fiber amplifier (EDFA), pumped by high power diode
lasers. The pump wavelengths have also to be locked at the absorption lines of EDF
at 980 or 1480 nm. The semiconductor lasers are now mass produced; their per-
formances are ensured to meet with the requirement of the conventional DWDM
optical fiber communication systems.

9.2.2 Lasers for Coherent Optical Communications

The demand of human society on the information has been increasing continuously,
especially due to the development of Internet technology. As the applications of
conventional system based on IM-DD and DWDM are widely adopted all over the
world, the coherent optical communication (COC) becomes the target being pur-
sued recent years, in which the optical frequency, phase, and polarization are used
as data carriers, together with the pulse amplitude. Therefore, the density of mul-
tiplexing and the total capacity of communication are greatly increased [39]. The
requirement of COC on laser’s performances should be raised correspondingly.

Different from the IM-DD, the modulation formats in COC include the ampli-
tude shift keying (ASK), frequency shift keying (FSK), phase shift keying (PSK),
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and polarization shift keying (PolSK) To demodulate the data carried by COC
formats, heterodyne detection must be used instead of direct detection used in
IM-DD. ASK is also called on-off keying (OOK) with waveforms similar to the
intensity modulation (IM), but with the heterodyne detection used in receiver ends.
The heterodyne signal is the result of correlation of the received optical wave and
the local oscillation (LO). The correlation detection brings about remarkable
advantages. First, the signal power will be amplified by LO. Second, the correlation
detection with narrow linewidth LO suppresses greatly the extra-band noise. For the
purpose, the transmitter and LO must use high coherent and low-noise lasers.
The OPLL technology must be used in the correlation detection to demodulate the
data carried by optical phase and/or frequency, as introduced in Chap. 8. The code
impairment in the long distance propagation can also be corrected satisfactorily by
OPLL.

More formats are developed based on the above-mentioned formats. PSK with
phase shift of p is called the Binary PSK (BPSK); PSK with phase shift of p/2 is
called the Quadrature PSK (QPSK); similarly, 8PSK, 16PSK, and more, can also be
adopted. If the phase shift between the adjacent codes is marked as a symbol, such a
scheme is called the differential PSK (DPSK). Figure 9.12a shows the waveforms
of ASK, FSK, and PSK formats. The basic codes are divided into two forms, i.e.,
the return-to-zero (RZ) code and the non-return-to-zero (NRZ) code. For simplicity,
Fig. 9.12a shows only NRZ code. Figure 9.10b shows the constellations of QPSK
and 8PSK, where I and Q stand for phase shifts of In-phase and Quadrature.

Combination of ASK and PSK results in a new format termed the quadrature
amplitude modulation (QAM), in which the carrier wave is expressed as

Ei;j ¼ Ai cos xtþ/j

� �
; Ai ¼ 0; 1;/j ¼ 0; p=2; . . .

� �
: ð9:5Þ

It is easier to demodulate the signals of amplitude and phase, separately; the code
speed of PSK is thus doubled. Accordingly, combination of ASK and BPSK is
4QAM, and combination of ASK and QPSK is 8QAM.

Fig. 9.12 a Waveforms of ASK, FSK, and PSK; b Constellations of QPSK and 8PSK
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The de-multiplexing used in DWDM system is implemented by using DEMUX
devices, such as the thin film filter (TFF), the arrayed waveguide grating (AWG),
and the fiber Bragg grating (FBG). In coherence optical communications, the
multiplexing density is much higher than that in DWDM. The technology of
orthogonal frequency division multiplexing (OFDM) is used widely in wireless
communications; with the idea referred, the coherent optical OFDM is developed
successfully. The correlation detection allows the channel spacing reduced to the
limit of mutual orthogonality between the adjacent channels. If the optical field of
pulsed code is a square wave, the cross-correlation of adjacent channels is given by

R ¼
ZT

0

ej2pðm1�m2Þtdt ¼ sin pðm1 � m2ÞT½ �
pðm1 � m2Þ ejpðm1�m2ÞT : ð9:6Þ

When the code length T meets condition of (m1 − m2) T = 1, the cross-correlation
reaches zero, and the cross-talk between the adjacent channels can then be removed.
The multiplexing density and the spectral efficiency are thus be raised greatly.
Figure 9.13 shows the comparison between WDM and OFDM schematically.
The OFDM technology has more advantages, as expounded in Refs. [39]. It can be
seen from (9.6) that the laser linewidth and instability should be reduced to much
less than the channel spacing, or otherwise the orthogonality would be impaired,
and the cross-talk and code error would be increased.

Some more code formats and multiplexing methods are also developed, such as
the optical time division multiplexing (OTDM), the polarization multiplexing (PM),
and so on. In the different schemes of COC, the narrow linewidth, highly stable
single-frequency semiconductor laser is the key device, both in the transmitter and
in the receiver as local oscillator; and its quantity demand is tremendous for the
huge networks. Compared with the applications in atomic physics and precision
metrology, the requirement on coherence may be loosened in COC, but higher
requirements on the dynamic characteristics and better reproducibility have to be
satisfied. References [40, 41] give detailed analyses.

Fig. 9.13 Comparison of
channel densities of WDM
and OFDM
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9.2.3 Microwave Photonics and ROF

In the ordinary microwave systems, the microwave signals, typically at X-band
(*10 GHz) and millimeter wave band, are transported usually by waveguide tubes
made of metal, or by coaxial cable. The components and devices for processing of
microwave signals are also bulky. Since the waveband of optical communications
has reached the centimeter and millimeter range, including the generation of
high-frequency signals and their processing and transportation, it is possible to
transport microwave signals by the optical fiber, instead of the cumbersome and
expensive waveguide tube, and possible to process the signals in optical frequency
domain. Especially, the mobile communication system is developed so much that
almost everybody has his cellphone in hand. The huge information is actually
transported through optical fibers. Combination of optical communication and
wireless communication is obviously an optimized scheme; and the microwave
photonics emerges as a new branch of information technology [42–45]. It is also
termed radio over fiber (ROF) [46, 47], especially in local area networks (LAN),
and access networks (AN) of communication systems, as shown in Fig. 9.14
schematically, where OADM is the optical add-drop multiplexer.

Researches of microwave photonics are concentrated on the following topics.
First, the generation of microwave signals carried by optical waves, as introduced in
Sect. 8.2.2, where OPLL plays important roles. Second, the processing of micro-
wave signals. The microwave signals carried by optical wave will be distorted in
propagation in fiber due to its dispersion; its signal-to-noise ratio is thus lowed, as
analyzed in Refs. [48, 49]. The signal processing includes dispersion compensation,
analog-to-digital conversion, frequency down-conversion and up-conversion, noise
reduction, and other functions in optical domain [45].

The phased array radar is one of the important applications of microwave
technology. The microwave photonics can greatly reduce its volume and weight to
make it flexible and more effective. Figure 9.15 gives an example of phased array
radar schemes. The combined beam of n antennas can be steered by adjusting the
phase difference between the adjacent antennas, and the controlling signals of
microwave phases are transported from the remote end to the antennas by optical
fibers, instead of bulky metal waveguide or coaxial cable.

For a wide steering angles of the phased array, the phase difference between the
antennas has to be scanned not only in a large range, but also constantly for

Fig. 9.14 Schematic ROF
system connecting mobile
communication with fiber
networks
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different central frequency. In optical domain the delay is generated usually by
using a dispersive component based on relation of s ¼ @/=@x. However, so
generated delay is often not a constant in spectrum; in other words, it is not a true
time delay. Several schemes have been proposed to generate true time delay; Ref.
[50] reported a structure made of stack integrated micro-optical components.
Experimental results demonstrate that based on the optical beamforming network
the phased array antenna can accomplish RF-independent broadband beam steering
without beam squint effect, and can achieve continuous angle steering. A fully
photonics-based coherent radar system has demonstrated in field-trials [51].
Microwave photonics is a developing technology, readers can read more in
literature.

9.2.4 Inter-satellite Optical Communications

Since the earlier stage of laser’s invention and development, people have been
attending to exploit the laser for spatial communications, just in the way similar to
wireless and radar, which is now called the free-space optical communication
(FSO). However, the laser beam in the air will be disturbed seriously by the air
turbulence, causing great increasing of bit error rate (BER), so that the FSO in the
atmosphere is used basically as an auxiliary tool in some situations. The
exploitation of outer space has been one of the great events since the last century.
The communication between the satellite and the earth and between satellites is one
of the necessary parts of space technology; and the microwave communication has
been playing the main role. However, its speed and capacity cannot meet the
continuously growing demand; the optical communication is naturally regarded as a
new candidate. Figure 9.16 gives a schematic diagram of outer space communi-
cation system, where GEO is the geostationary earth orbit satellite, LEO is the low
earth orbit satellite, GS is the ground station.

Since no turbulence exists in the outer space, FSO communication can display
its advantages. Since no dispersion exists there, the coherent optical communica-
tions will demonstrate its best performances [52]. In addition, no medium loss
exists; the communication distance can be extended greatly so long as the diver-
gence of laser beam is reduced as low as possible.

Compared with the fiber communication, features of outer space FSO are
remarkable. First, the spans are much longer. GEO is 35,786 km away from the

Fig. 9.15 Microwave
antenna array controlled by
signals transported via fiber
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earth; the height of LEO is typically in the order of 1000 km; the inter-satellite
distance may reach several ten million meters. The propagation loss comes mainly
from the optical beam divergence. For such long distances, the divergence must be
suppressed to the order of micro radiance (lrad) or less. According to the diffraction
theory the divergence angle is h ¼ 1:22k=D, so the diameter D of laser transmitter
telescope should be designed up to 1 m, even bigger; and the laser’s spatial
coherence, i.e., its beam quality, must be improved extremely. For the communi-
cation between satellites and the ground stations, the atmospheric turbulence and
loss of the air and clouds still exist. A lot of new technologies have developed, such
as the adaptive optics, techniques of store-and-forward, and so on [53, 54].

Second, since the satellites are moving very fast in space, whereas the laser beam
is very narrow, the technology of acquisition-tracking-pointing (ATP) is extremely
important. ATP involves a series of technologies on optics, electronics, and
mechanics, which is beyond the scope of this book.

The third, Doppler frequency shift exists between the objects moving with high
relative velocities: DxD¼ k � v ¼xv cos h=c, where h is the angle between the
velocity and the optical wavevector. It is estimated that the Doppler shift may reach
1/380,000 of the optical frequency for communications between GEO and GS. If an
800 nm laser is used, the frequency shift is in the order of GHz. When the satellite
moves around the earth, its velocity respect to GS varies continuously. If the
transmitter is a single-frequency laser, the received optical signal is a chirping
wave. A chirping-matched local oscillator has to be used in correlation detection, or
otherwise the data will be lost. Therefore, narrow linewidth lasers with high speed
controllable tunability are the must in the outer space FSO systems. Reference [55]
demonstrated a laser system for coherent optical satellite links with Doppler shift
compensated, in which the laser’s frequency was swept in range of 24 GHz and at
rate of 100 MHz/s.

Fig. 9.16 Schematic diagram
of outer space optical
communication system
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9.3 Applications in Metrology and Sensors

9.3.1 High Precision Interferometry

The optical interferometer has made very important contributions to the progresses
of science and technology. One of the bases of Einstein’s theory of relativity is the
results of measurement of ether by Michelson interferometer. Recent years, the
gravitational wave, predicted by Einstein, was measured by the laser interferometer
gravitational wave observatory (LIGO). The high precision interferometer is one of
the fundamental tools in metrology. The fruits of interferometry are countless. As
examples, the hydrophone and geophone are introduced briefly here.

Sensors to sound are used widely for both of civil use and military use. A famous
example is the sonar invented in World War II. Since 1970s, after the invention of
optical fiber, people have made great effort to develop the fiber hydrophone and
geophone [56, 57]. Some of them have already been commercialized and used in
many different fields, including sea fishery, marine biology, detection of seismic
wave, well drilling, ultrasonic medicine, coast guarding, navigation of ship and
submarine, and so on.

The fiber hydrophone is mainly composed of a sensor head and an interfer-
ometer. Figure 9.15a shows a typical structure of sensor head, that is a hollow
mandrel with a fiber coil wrapped and fixed on it. Its lateral surface will be
deformed under the sound pressure, and the fiber length changes accordingly. The
sound wave is then transferred to a vibration of the optical path, expressed as [51]:

DL ¼ 1� n2p12=2
� �

eznL ¼ sDp; ð9:7Þ

where L is the total length of fiber coil, n and p12 are the index and photo-elastic
coefficient of silica fiber, respectively; ezL is the axial deformation of the fiber under
the axial strain, which is proportional to the sound pressure, ez / Dp. The sensi-
tivity to sound pressure, s, is dependent on the design of sensor head. It is shown
that a longer fiber is beneficial for higher sensitivity. Another important parameter
is its frequency response bandwidth. Careful design and precise fabrication tech-
nology are necessary for higher performances. The structure of Fig. 9.17a is just an
example; different structures have been developed for different situations. The
structure of geophone will be different from that of Fig. 9.17a.

Fig. 9.17 Main parts of hydrophone: a Sensor head. b Interferometer
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The interferometer is the best tool to detect the small phase change. Figure 9.15b
shows a Mach–Zehnder interferometer as an example, where the sensor is inserted
in one of its arms and a section of fiber is inserted in the other arm as the reference.
The PD-detected signal is

I / cos kðnLþDL� nLrefÞ½ � ¼ cos /0 þ ksDpð Þ; ð9:8Þ

where /0 ¼ nkðL� LrefÞ is the biased phase. When it is adjusted to
/0 ¼ ðmþ 1=2Þp, the interferometer works at the quadrature point with the max-
imum sensitivity and a larger dynamic linear range: I / sinðksDpÞ � ksDp. The
reference length should be designed and controllable to be optimized and stabilized.

Formula (9.8) holds for an ideal single-frequency light source. The finite line-
width dm of practical laser will lead to the interference phase noise:

d/ ¼ 2pnðL� LrefÞdm=c: ð9:9Þ

The laser’s frequency noise is generally a white noise, i.e., its probability obeys
Gaussian distribution; the interference phase noise is reduced to a visibility of the
signal:

V ¼ expð�dm=mintÞ ¼ expð�sd=scÞ; ð9:10Þ

where sd ¼ 2pn L� Lrefj jð Þ=c ¼ 1=mint is the delay corresponding to optical path
difference of MZI; sc is the laser’s coherent time. It is estimated that if a MZI with
path difference of 1 m is used, the laser’s linewidth of less than 30 Hz is required
for a phase resolution of 	 1 lrad.

Laser’s intensity noise causes also noise of MZI signal. By denoting dI as the
intensity fluctuation, d/ as the interference phase induced by the intensity noise,
they are related with each other as dI=I / V sin d/ � Vd/. The interference phase
noise induced by laser’s intensity noise is then expressed as d/RIN ¼ ffiffiffiffiffiffiffiffiffi

RIN
p

=V ,
where RIN ¼ dP2=�P2 is the relative intensity noise of the laser source. Typically
the averaged power detected by PD is about 100 lW. RIN of below −120 dB is
then required for a phase resolution of 	 1 lrad.

The hydrophone and geophone systems are usually composed of a great amount
of sensor heads and interferometers. The WDM and the optical time division
multiplexing (OTDM) technologies used successfully in communications are nat-
urally transplanted to the sensor systems. However, the frequency stabilizations
have to be implemented with precisions higher than that for the ordinary com-
munication. In addition the electronics and data processing must be optimized. With
about 30-year development, great progresses on the fiber hydrophone have been
achieved. As reported in journals, its sensitivity to pressure has reached
0.42 rad/Pa, equivalent to −127.5 dB respect to the unit of 1 rad/lPa. The per-
formance is superior to that of commercial electrical sonar; its resolution reaches the
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limitation of noise at ocean bottom. Great scale hydrogen array systems have
already been installed in the seabed [56–60].

9.3.2 Distributed Optical Fiber Sensors

The distributed fiber sensor is a big family of optical sensors; it is also the important
user of single-frequency semiconductor lasers. The distributed fiber sensor is based
on the optical scattering in fiber, i.e. Rayleigh scattering, and Brillouin scattering.
Rayleigh scattering is caused by the particles in the medium, including the micro
inhomogeneous distribution of molecules due to thermal fluctuations. The scatter-
ing is an elastic collision of photons and scatters, without changes of photon energy;
the scattering coefficient is a function of photon frequency and the scattered angle.
Lord Rayleigh explained why the sky is blue by the scattering after his name.
Raman and Brillouin scatterings are inelastic collisions. Raman scattering causes
change of internal states of molecules and related energy levels. Brillouin scattering
corresponds to collision of photons and phonons. The latter is the description of
sound wave in quantum mechanics. Due to Doppler Effect, the moving molecules
will change the frequency of scattered photons.

(1) Optical Time Domain Reflectometer Based on Rayleigh Scattering

Characteristics of the three scatterings are affected by the internal properties of
medium and their changes induced by environmental conditions. Therefore the
scatterings can be utilized to make sensors; and the optical time domain reflec-
tometer (OTDR) and the optical frequency domain reflectometer (OFDR) have been
developed [61, 62]. The OTDR based on Rayleigh scattering is used to detect the
loss and defects of fiber. Figure 9.18a shows schematically a OTDR system, where
laser pulses are launched into the fiber under test, and the backscattered returned
wave is received by the PD; ADC in the figure stands for the analog-to-digital
converter. The returned signal shows an exponentially decayed waveform due to
the fiber loss, as shown in Fig. 9.18b. The disconnected points are caused by the
lumped loss or the reflections at fiber connections and fiber end. Their locations can
be obtained by the propagation time.

Fig. 9.18 a Schema of OTDR system; b Waveform of returned wave signal
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The Rayleigh scattering is actually very weak; the usable signal is obtained by
averaging of a great number of returned waves, and the working distance is limited.
To overcome such a difficulty, the correlation detection is used in OTDR, in which
a narrow linewidth laser is used to generate probe pulses; the returned wave is
mixed with the local oscillation source (LO). The correlation detection brings about
remarkable advantages. First, the beat signal is proportional to the product of
returned field ES and the LO field EL. Its ratio to the signal of direct detection of
scattering intensity is proportional to EL/ES, so that higher sensitivity can be
obtained by higher LO power. Second, the noise band is limited within the fre-
quency band determined by spectra of probe and LO. The noise out of the band is
greatly suppressed. Such a sensor is termed the coherent optical time domain
reflectometer (COTDR),

Furthermore, by using narrow linewidth sources and correlation detection, not
only the amplitude of backscattering but also the changes of its optical phase can be
acquired. More information is thus obtained. Such a system is termed the
phase-sensitive OTDR (/-OTDR) [62]. Figure 9.19 shows a schematic diagram of
COTDR and /-OTDR. In the structure a narrow linewidth DFB-LD working in
continuous wave is taken as the source; its output is divided into two parts by the
fiber coupler: the main part is chopped into pulses by the acousto-optic modulator
(AOM) with the frequency shifted at the same time, used as the probe, and launched
into the fiber under test (FUT) through an optical circulator. The other part is used
as the local oscillation. The returned wave is mixed with LO, and detected by the
double balanced photodetector (DB-PD). The beat frequency will be shifted to the
modulation frequency of AOM, with low-frequency band noise and DC drift
suppressed.

The returned wave by backscattering is written as

ES ¼ rE0e�az exp jð2bz� xStÞ½ �; ð9:11Þ

where r stands for Rayleigh scattering coefficient. The beat signals is obtained at the
output ports of 3 dB fiber coupler, expressed as

E1;2 ¼ EL;S þ jES;L
� �

=
ffiffiffi
2

p
; ð9:12Þ

I1;2 ¼ E2
L þ r2E2

0e
�2az � 2rVELE0e�az cos h sinðDxtþ/Þ; ð9:13Þ

Fig. 9.19 Schematic
structures of COTDR and /-
OTDR
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where V = exp(−2nz/Lc) is the visibility of interference fringe, determined by
laser’s linewidth, characterized by its coherent length Lc. Dx = xS − xL is the
frequency shift of AOM. By using a differential amplifier or a double balanced
photodiode (DB-PD), the DC components in (9.13) are canceled, giving sensed
signal of DI = I1 − I2 as a function of delay time T = z/v. The fiber loss a(z) can
then be acquired from DI, so can the index variation n(z), which is contained in the
phase factor of / ¼ 2k

R z
0 FðDzÞnðzÞdz, where FðDzÞ is the function of pulse

waveform with spatial pulse width Dz. The phase factor is sensitive to external
disturbances. In the data processing, DI is mixed with cos(Dxt) and sin(Dxt),
giving the in-phase and the quadrature (I/Q) signals to demodulate the phase factor
of /.

Compared with the ordinary OTDR, COTDR and /-OTDR show much longer
working distance and higher sensitivity. The advantage relies mainly on the
heterodyne detection, in which a single frequency laser with coherent length
matching with the length of working fiber should be used to ensure the visibility
high enough. However, the high coherence causes interference of backscattered
waves within the spatial pulse width. Due to the index distribution along fiber, the
interference displays random characteristics, called the interference fading, or the
coherent Rayleigh noise (CRN). Detailed analyses and methods of mitigating CRN
can be read in Refs. [63–65].

Due to the high sensitivity, /-OTDR is suitable for dynamic sensing, since the
data of every scan have SNR high enough used to rebuild vibrations; contrarily, in
ordinary OTDR averaging of multiple scans is necessary to suppress noise.
However, the response frequency fresp of /-OTDR is inversely proportional to the
working distance, since a lower repetition rate is required for a longer sensing fiber,
fresp ¼ 1=ð2TrtÞ ¼ c=ð4nLÞ, where Trt is the round trip time. To overcome such a
limitation, Ref. [66] proposed a system using a temporally sequenced
multi-frequency pulses as Ep ¼

P
n rectsðt � ns1ÞEne�jxnðt�ns1Þ, where s is the

pulse width, s1 is the repetition period of multiple pulses. Experimentally up to
0.5 MHz bandwidth of vibration detection over 9.6 km working distance was
demonstrated by using a source with 100 frequencies. An agile precise tunable laser
plays a crucial role in such a system.

The spatial resolution of OTDR is determined by the pulse width of probe:
Dz ¼ cs=2n. It is also dependent on the working distance, because the longer the
distance, the less the energy of returned narrow pulse is received, and the lower the
SNR is. Reference [67] proposed a system with frequency swept probe pulses and
with matching filtering in data processing of receiver, which is transplanted from
the scheme of pulse compression by linear frequency modulation (LFM) in
microwave radar [68], as shown in Fig. 9.20 schematically. The spatial resolution
of 30 cm was measured experimentally for sensing distance of around 20 km with a
pulse width of 2 ls and sweeping range of 420 MHz. It is shown that although the
LFM scheme works for lumped reflectors in radar, it is effective also for distributed
dynamic sensors. Obviously, a frequency swept laser is indispensable in the
scheme.
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The polarization state of optical wave will vary along with the propagation
randomly due to bending, twisting, lateral pressure, and other deformation of the
fiber, which will lead to so-called polarization fading, described by the polarization
angle h of returned wave to that of LO in Exp. (9.13). It is an effect to be overcome;
on the other hand, if the polarization state variation of the returned wave is mea-
sured and analyzed quantitatively, the system becomes another kind of OTDR,
called POTDR.

(2) Brillouin Optical Time Domain Reflectometer

Brillouin optical time domain reflectometer (BOTDR) is developed based on the
effect of Brillouin scattering. The collision of photons and phonons must obey the
law of energy conservation and the law of momentum conservation:

�hxS ¼ �hx� �hxa; ð9:14Þ

�hkS ¼ �hk� �hka; ð9:15Þ

where the subscript a stands for the quantities of phonon, i.e., the acoustic quan-
tities, and S stands for those of scattered photon; the quantities without subscript are
for the incident photon. The function of BOTDR is to measure the Brillouin fre-
quency shift along the fiber. The phonon’s energy is much smaller than photon’s
energy; the Brillouin frequency shift in the silica fiber is about 11 GHz at room
temperature. The frequency of scattered photon may shift to red side or blue side in
spectrum, corresponding to creating a phonon or absorbing a phonon; the spectral
lines are termed Stokes line and anti-Stokes line, respectively. Since the energy of
phonons has a probability distribution, the frequency shift displays a Lorentzian
line shape, whose width corresponds to phonon’s lifetime. The experiments give a
typical frequency width of 40 MHz in the silica fiber [69].

Due to the momentum conservation, only exists the backward Brillouin scattering
in fiber, leading to kaj j ¼ 2 kj j andxa ¼ Va kaj j ¼ 4pnVa=k, where Va ¼ xa=ka is the
velocity of sound wave, which is determined mainly by the Young’s Modulus and
density of the medium, which are functions of temperature and strains of the material.
Therefore, temperature changes and strains of the fiber can be reflected from mea-
surement of Brillouin frequency shift, which is expressed as a function in the linear
range [70]:

Fig. 9.20 Concept of pulse
compression by linear
frequency modulation
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mBðe; TÞ ¼ mBð0; TrÞ 1þCeeþCTðT � TrÞ½ �: ð9:16Þ

The coefficients above can be obtained experimentally; their typical data are
CTmB = 1.1 MHz/K and CemB = 4.8 kHz/(l), where le = 10−6 is the micro-strain.

Different from the ordinary OTDR, the measurand of BOTDR is the frequency
shift, rather than the intensity of scattered light. Obviously a narrow linewidth
single frequency laser is necessarily used as the probe source. Figure 9.21 shows
two basic structures of BOTDR [70–72]. In structure (a), the LO is a Brillouin fiber
laser pumped by the same DFB-LD, whose frequency is m0 − mB, where mB is the
Brillouin frequency shift of the laser fiber. The frequency of Brillouin backscattered
light from the sensing fiber is m0 − mS. The beat frequency is then shifted to
|mB − mS| in a low-frequency band, easier to be detected and processed.

In structure (b), the returned wave from sensing fiber is mixed with the probe
laser itself, giving beat signals in the band around 11 GHz; and then the beat signal
is mixed with a microwave in the same band. This scheme needs a high-speed
photodetector at the microwave band. Its advantage is that the noise and frequency
drift of the Brillouin fiber laser can be avoided. In both of the two schemes the
Brillouin frequency shift is read out by using the algorithm of fast Fourier transform
(FFT), and usually by averaging of multiply detected data.

The spatial resolution of OTDR is one of the most concerned performances. It is
determined by probe pulse width; basically, a narrow pulse width gives a higher
resolution of localization. The precision of measured Brillouin frequency shift is
related to the spectral width of detected signal. Specifically, the line shape of
measured signal is the convolution of Brillouin line and the probe laser line. For
laser pulses, the linewidth is larger than that in cw operation, determined by Fourier
transform; the line shape of pulsed probes with square waveform is with sinc type.
It is deduced theoretically [51] that the frequency width of convolution is Dm � DmB
in case of psDmB 
 1, where s is the pulse width, DmB is the Brillouin linewidth.
For narrow pulses with psDmB � 1, the frequency width of measured signal will be
inversely proportional to the pulse width, Dm � ffiffiffi

2
p

=ps. It means if the pulse width
is less than ðpDmBÞ�1, the uncertainty of frequency measurement will increase.
Therefore, a tradeoff has to be taken between the spatial resolution and the precision
of Brillouin frequency shift. The optimized pulse width is nearly equal to the

Fig. 9.21 Schema of BOTDR structure. a Based on a frequency shifted LO; b Based on
heterodyne in microwave band
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phonon’s lifetime, �10 ns at the room temperature [71]. Obviously, the laser
linewidth itself is a basic factor in the measurement of Brillouin line peak.

The intensity noise of laser will surely decrease the signal-to-noise ratio (SNR),
and thus degrade the precision of frequency measurement. The spectral signal may

be expressed as a parabolic function u ¼ u0 1� ðm� mBÞ2=Dm2
h i

near its top, where

u is the signal voltage. The peak is given by equation of
du=u0 ¼ 2ðm� mBÞdm=Dm2 � 2dm2=Dm2 ! 0. Since the SNR is defined as the
power ratio of electrical signal, i.e., SNR ¼ ðdu=u0Þ�2, the resolution of Brillouin
frequency measurement is thus obtained with relation of [72]:

dm ¼ Dm=
ffiffiffi
2

p
ðSNRÞ1=4

h i
: ð9:17Þ

It is indicated that the laser with narrow linewidth and low intensity noise is one
of the basic conditions of a high performance BOTDR.

(3) Distributed Temperature Sensor Based on Raman Scattering in Fiber

Raman scattering is related to internal movements of atoms and molecules with
electron energy levels involved, including levels of vibration and rotation of
molecules. The Raman spectroscopy is a powerful tool for analyses of compositions
and impurities, because the Raman spectrum is a good characterization of internal
structures and properties of materials. In the process of Raman scattering, the
molecule absorbs a photon and transits to a virtual state and transits back to a lower
level quickly, and emits a scattered photon at the same time. If the lower level is
higher than the original ground level, red shift occurs in the scattering. If the
molecule at an exited state absorbs a photon and then transits back from the virtual
state to the ground level with a phonon absorbed, blue shift occurs. The red and
blue shifts are called Stokes and anti-Stokes processes, respectively, as shown in
Fig. 9.22a.

Fig. 9.22 a Schematic illustration of Stokes and anti-Stokes Raman scattering. b Raman gain
spectrum of silica. Reproduced from [73] with the permission of AIP Publishing
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The phonons involved are in optical frequency band of phonon’s spectrum.
Raman frequency shift is much larger than Brillouin frequency shift; it is about
13 THz for silica fiber, i.e. about 100 nm in 1550 nm wavelength band, and also
with much wider bandwidth, as shown in Fig. 9.22b [73], which was generated by a
532 nm laser beam.

The intensity of Raman scattering depends on the number of molecules at related
levels. In the medium under thermal equilibrium, the numbers of molecules at
different levels obey Boltzmann distribution. The ratio of blue shift and red shift
Raman scattering intensities is described by

I2=I1 / exp �DE=kBTð Þ; ð9:18Þ

where kB is Boltzmann constant. By using probe pulses and measuring intensities of
Raman scattering lines from the optical fiber, the distributed temperature sensor
(DTS) is developed with the same principle of OTDR. The frequency shift and the
spectral width of Raman scattering in fiber are quite large; the laser linewidth for
DTS is not necessary be very narrow. But the intensity of Raman scattering is very
weak, the probe must have a very high side mode suppression ratio (SMSR) with
very low spontaneous emission background at the position of Raman line; or
otherwise the Raman scattering will be drowned out by the Rayleigh scattering of
probe. A proper notch-filter may help to mitigate the problem. The Raman scat-
tering is so weak that averaging of a great number of acquired data is necessary to
increase output SNR.

Apart from OTDR, the optical frequency domain reflectometers (OFDR) are also
developed [74]. In the OFDR system, the frequency of high coherence laser is
linearly swept in a serrated waveform as the probe; at the receiver end the
backscattered wave mixed with the source wave, giving beat frequency proportional
to the delay time. Its principle comes from the technology of frequency-modulated
continuous wave (FMCW) used in radar. More discussion will be given in Sect. 9.4.

The fiber interferometers and fiber gratings have also been utilized to build
quasi-distributed sensor systems [57, 75], including Mach–Zehnder interferometers,
Michelson interferometers, and Sagnac interferometers. They put forward different
technical requirements on laser diodes for different applications.

9.3.3 Laser Spectroscopy

(1) Tunable Diode Laser Absorption Spectroscopy

Narrow linewidth single-frequency semiconductor lasers with agile tunability are
widely used in researches of laser spectroscopy and related spectroscopic appara-
tuses, mostly for the absorption spectroscopy and Raman spectroscopy. In the
former area, the technology of tunable diode laser absorption spectroscopy
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(TDLAS) is well developed. One of its applications is for methane detection.
Methane is a dangerous gas in mines, and one of the gases giving harmful influence
to the atmosphere environment. It is also a main composition of the natural gas, an
important energy source. The methane detection by TDLAS is introduced briefly as
an example here.

The absorption of CH4 in the near infrared band is shown in Fig. 9.9. The
InGaAsP-DFB laser in this band is commercially available, e.g., DFB-LD working
at 1653.72 nm for CH4 absorption line of band 2m3, branch R3. In case the con-
centration of CH4 in the air is relatively low, its absorption line is in Lorentzian
shape. As stated in Sect. 6.2, the modulation spectroscopy is categorized into two
technologies of WMS and FMS. In methane detection and monitoring, WMS is
usually used with modulation frequency X lower than the absorption linewidth Dx.
It is necessary to find the position of absorption line peak in the modulated
wavelength for measuring the concentration of CH4. One of the methods is to
modulate the laser’s working current with a waveform combining sinusoidal wave
and serrated wave. The first-order and second-order harmonics of absorbed signals
are demodulated in dada processing. Ideally the zero point of the first order har-
monic indicates the position of absorption peak; the second order is proportional to
CH4 concentration. However, as discussed in Sect. 6.2.3, the residue amplitude
modulation (RAM) caused by accompanied power modulation has to be corrected
[76].

Another method is to stabilize the laser frequency on CH4 absorption peak by
using a reference gas cell, as shown in Fig. 9.23. A gas cell as the sensor head is
placed at the circumstances to be monitored and the gas to be monitored is pumped
into the cell; the probe optical wave and absorbed wave are transported by fibers.
For uses of an open space, the probe laser beam is collimated by a telescope; the
diffused light by the background is collected by a receiving telescope. Appearance
of methane can be sensed by the decreasing of received power at the absorption
line. The working distance of this method is usually short.

(2) Differential Absorption Lidar

Carbon dioxide is another mostly concerned gas, because it is regarded as one of
the greenhouse gases of the earth atmosphere. For the purpose the differential
absorption lidar (DIAL) is developed, where the lidar stands for the lightwave radar.
DIAL uses two lasers with different wavelengths; one of them is stabilized on one
of CO2 absorption lines; the other is controlled to be located out of the lines. For

Fig. 9.23 Configuration of
TDLAS for CH4 detection
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monitoring the pollution in atmosphere airborne and satellite-borne apparatuses are
developed. When it is used to measure the spectra of returned wave from atmo-
sphere, the difference between detected signals of on-line and out-of-line charac-
terizes the integrated CO2 concentration in the air column [77–79]. Quite a lot of
CO2 absorption lines exist in the band as shown in Fig. 9.11; the typical interval
between lines is around 0.3 nm. The collision of molecules is the main factor of line
broadening; the linewidth is thus related to the air pressure. Its FWHM linewidth is
about 6 GHz under atmospheric pressure, and reduced to below 0.5 GHz under low
pressure [80]. Compared with the linewidth of atom’s absorption, the linewidth of
CO2 is not so narrow, but the requirement on frequency stabilization is quite high.
Since the quantitative measurement of concentration is given by the absorption
amplitude, the wavelength must be exactly locked at the line peak.

Figure 9.24 shows a typical structure of DIAL working in the near infrared band.
The frequency of on-line laser in the DIAL is stabilized with a CO2 cell for
reference. Because the absorption of CO2 is very weak, the path of gas cell should
be long enough. Usually the path is extended by multiple roundtrip reflections in
the cell. A gas cell with hollow core photonic crystal fiber is being developed [81],
since the long fiber can be wound in a small volume. The power of laser must be
very high for the airborne and satellite-borne DIAL. The master oscillator power
amplifier (MOPA) technology is often used for the purpose.

The DIAL of Fig. 9.24 uses a Nd-doped YAG laser as the master laser; its power
is amplified by the optical parameter oscillator (OPO), whose spectrum is stabilized
by a CO2-stabilized DFB-LD [78, 79]. The injection locked laser is also a good
candidate with a frequency-stabilized laser as the master laser. The diffused light
from the background and the atmosphere is collected by a telescope, and received
by the photodetector; a small part of transmitted wave is divided as the local
oscillation for correlation detection.

(3) Raman Spectroscopy

Raman spectroscopy is a powerful tool for identifying the composition and struc-
ture of materials, playing important roles in researches of chemistry and material
science, and industries as well. The excited state depicted in Fig. 9.19a should be
understood as a group of states, including rotation and vibration energy levels; and
the ground state may also be composed of several sub-levels. The measured Raman
spectrum will contain a lot of lines; the composition and structure can then be
revealed. Raman spectrum can be measured by pumps with different wavelengths.

Fig. 9.24 Typical structure
of DIAL for CO2 monitoring
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Solid-state lasers and gas lasers are often used as pump sources, because of their
high power and high monochromaticity. However, the single frequency diode laser
with high SMSR is attracting attentions, since compact apparatus of Raman spec-
troscopy are demanded. Reference [82] showed applications of narrow line LD in
detecting compositions of gasoline by Raman spectroscopy. More advanced tech-
nologies are developed, especially the surface enhanced Raman spectroscopy
(SERS) [83], and uses of micro probe made of optical fiber. Raman spectroscopy
involves quite a lot of mechanisms and technologies; a lot of papers and mono-
graphs are published on the topic.

9.4 Applications in Lidar

9.4.1 Basic Concept of Lidar

The functions of radars include range finding, orientating, and imagination of target
objects. Compared with the microwave radar, the lightwave radar (lidar) based on
laser has unique features. Due to its much higher coherence and brightness, the
precisions of range finding and orientating are enhanced greatly. In addition, the
weight and volume of lidar are much lighter and smaller than those of microwave
radar, an important advantage for airborne and satellite-borne applications.
However, attenuation of lightwave in the air is more serious; it is harder for lidar to
work in all-weather conditions. Combination of radar and lidar is favorable.

Two schemes of laser range finding are mostly used: one is based on the time of
flight (TOF) of pulses; the other is based on the phase detection. In the former, the
time tTOF of round trip flight from the lidar to the target is counted and the distance
between them is obtained as L ¼ 2ctTOF, in the air with index of unity. Its spatial
resolution is dependent on the pulse width and the response of detector. In the latter
scheme, the laser intensity is modulated by a sinusoidal wave; the returned wave is
in the same waveform with a phase delay. TOF can be obtained by the phase shift
of received wave with respect to the transmitted wave. Its resolution is dependent
on the precision of phase discrimination, usually much higher than that with laser
pulses. However, the range of phase discrimination has to be limited in the range of
0–2p; the working distance is thus limited. Lasers used in the two schemes should
meet certain requirements on their characteristics, whereas the requirement on the
spectral property is not critical, it is not necessary to used single longitudinal mode
lasers.

Another scheme is based on the technology of frequency modulation continuous
wave (FMCW) developed for range finding in microwave radar [84], and utilized in
lidar and in OFDR [68, 74], one of the distributed fiber sensors, as mentioned in
Sect. 9.3.2. Its concept is illustrated in Fig. 9.25. The frequency of laser probe
beam is modulated in a serrated waveform, with sweeping period of T, sweeping
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range of Df, and sweeping rate of s ¼ df =dt ¼ Df =T . The reflected beam from the
target is the same frequency-modulated wave, but delayed by the TOF s ¼ 2z=c.

The frequency shift of df ¼ ss ¼ 2sz=c is measured by correlation detection
with the local oscillation which is synchronized with the transmitted probe wave.
The two waves are written as

ELOðtÞ ¼ A exp j x0tþ pst2 þ/ðtÞ� �
; ð9:19Þ

ERðt; sÞ ¼ B exp j x0ðtþ sÞþ psðtþ sÞ2 þ/ðtþ sÞ
h i

: ð9:20Þ

The correlation detection gives their beat signal:

Iðt; sÞ ¼ RPD A2 þB2 þ 2Vq2AB cosð2psstþx0sþ pss2Þ� �
; ð9:21Þ

where RPD is the responsivity of photodetector, V ¼ expð�s=scÞ is the visibility
related to the laser’s coherent time sc; q is a factor corresponding to the repetition
period of multiple scanning, expressed as [74]:

q ¼ sin pðf � df ÞðT � sÞ½ �
pðf � df ÞðT � sÞ ; ð9:22Þ

where T is the period of scanning, df ¼ ss is just the beat frequency. The resolution
of range finding by FMCW is deduced to be ds ¼ c=ð2Df Þ. The signal-to-noise
ratio caused by laser’s linewidth is SNR = V/(1 − V), besides the other noise
sources. If the detectable level is characterized by SNR = 1, the maximum
detectable distance is deduced to be zmax ¼ ðcsc=2Þ ln 2, proportional to laser’s
coherent time sc.

Apart from the serrated wave, FMCW lidar may use other frequency modulation
waveforms, such as sinusoidal wave. The target distance can be calculated based on
a complete Fourier frequency analysis of the correlation detected signal. Anyway,
high coherence is the basic requirement on lasers in the different FMCW schemes.

The detection of target moving velocity is also one of the basic functions of radar
and lidar. It can be simply calculated from the variation with time of the measured
distance. For high speed moving targets, Doppler Effect is utilized for the purpose
both in radar and lidar. With a single-frequency probe beam, the frequency of
returned wave reflected from the target will be shifted in proportional to the relative
velocity. The moving direction must be acquired with other assistant methods.

Fig. 9.25 Illustration of
FMCW range finding

9.4 Applications in Lidar 297



The lidar system is composed basically of a transmitter telescope, a receiver
telescope, their rotating tables, and acquisition-pointing-tracking (APT) servos.
These parts are necessary also for orientating targets. The angular velocity of
mechanical rotator is not high enough for many applications. To exceed the limit
the phased array (PA) antenna technology is developed, which can be regarded as a
dynamic diffractive grating. The antenna of PA is divided into several elements; the
phase shift between adjacent elements is modulated with controllable phase shift.
The combination of radiations from all elements forms a beam in directions
determined by the phase shift, based on the interference of multiple beams; the
beam direction can be scanned by varying the phase shift, as shown in Fig. 9.13b
schematically. The same idea can be used in optical domain, and the optical phased
array (OPA) is then developed [85], usually with monolithically integrated optics
components. Obviously the laser used for OPA should have linewidth narrow
enough, or otherwise the combined beam will be broadened.

9.4.2 Brief Introduction to Synthetic Aperture Lidar

The function of imagination of radar relies on its spatially scanning, i.e., the
capability of acquisition of the returned wave intensity distribution in azimuth and
in pitching. The clearness of image is dependent on the diameter of receiving
antenna, similar to that of a telescope. The diameter of single radar is limited,
especially from viewpoints of cost, weight, and mechanical stability. To expand the
size of receiving aperture, the antenna arrays composed of multiple antennas are
built on the ground in big areas for applications of radio astronomy. The received
radio wave signals are synthesized to rebuild images of celestial bodies. The syn-
thetic aperture radar (SAR) is then developed with the same concept, which is
installed on vehicles for airborne applications, as shown schematically in Fig. 9.26.
The flying airplane emits radio wave and receives the reflected wave; the image of
target is synthesized according to the time sequence of received signals. The data
processing gives a similar effect to that of an expanded receiving antenna.

Fig. 9.26 Concept of an
airborne SAR
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The concept of SAR is also implanted in the lidar as an optical SAR (OSAR).
The laser frequency of OSAR is swept linearly in a serrated form f = f0 + tDf/T; the
resolution of range finding is dR = c/(2Df), according to analysis of FMCW lidar. If
the plane flies in x-direction with velocity of v, the effective size of OSAR in x is
DSA = vDt. The resolution of target image is determined by the diffraction limit,
dx ~ k/(2Dh) = kR/(2DSA). If two lidars are installed on the two wings of the plane,
both resolutions of x and y directions will be improved. Detailed analyses of OSAR
can be read in Refs. [86–88].

The critical component in OSAR is a high coherence laser with frequency swept
in a high speed and in a broad range. In the experiment of OSAR reported by Ref.
[87], a tunable external cavity semiconductor laser was used with frequency
sweeping rate of 10 THz/s and swept range of 3.7 THz (1539–1568 nm) in period
of 0.36 s. The laser linewidth is maintained 100 kHz, corresponding to coherent
distance of *1 km.

The requirement of OSAR on laser’s stability is quite high. The temporal
variation of laser frequency and phases must be perfectly duplicated for different
scanning periods; any deviations between the scans will result in noises in syn-
thesizing the received data of different scan periods. OSAR requires a laser with
high output power. The intensity fluctuation will also lead to noises. Fluctuations of
laser frequency, phases, and intensity are inevitable in practice. The related hard-
wares and softwares should be optimized. Data processing of OSAR is required to
produce results in multiple dimensions, the three-dimensional positioning, their
variations in temporal and spectral domains, and the intensity of reflected waves.
Research of the algorithm for OSAR is a big subject with a series mathematical
methods and theories involved [87, 88].
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