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Linköping University
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Foreword to the Second Edition

Early research and development on semiconductor lasers in the 1970s and 1980s was
performed in industrial labs, such as Bell Labs and RCA in the US and NTT and
NEC abroad; and at academic labs in research universities, such as Caltech and UC
Santa Barbara. Because of the commercial goals of the companies involved, most
applications in the industrial labs were directed to telecommunications. Initially,
direct modulation of the laser current with a digital data signal was employed. As
higher system performance became necessary, the focus of laser design soon shifted
to high reliability, low threshold, high power, and continuous-wave, pure single-
frequency output. An external modulator, which could digitally modulate the laser
carrier at high data rates, was employed.

The academic labs, on the other hand, received much of their funding from agen-
cies of the Defense Department. Research supported by these funding sources had
to be justified by military applications, which often involved direct analog modula-
tion of lasers at microwave frequencies. This broadband analog experience proved
fortuitous because an important commercial application of analog direct modula-
tion emerged in the 1980s. The new application was the wide distribution of cable
TV signals to homes by a combination of coaxial cable and optical fiber, called
Hybrid Fiber Coax or HFC. The earlier pure cable TV systems distributed by cable
the same spectrum as that available over the air. Thereby, the same TV set could be
used with an antenna or a cable input. The TV broadcast spectrum was based on an
analog subcarrier spectrum, in which RF subcarriers were separated by 6 MHz and
modulated with the video signals for the respective channels. In early systems, the
lowest channel was at 50 MHz and the number of channels was �10. The number
of subscribers was also small, �100, and they were confined to a small community
within a range of �10 km of the cable headend. The HFC systems were brought in
to extend the range and number of subscribers served by a headend. Linear lasers
capable of RF modulation over the extended band required for hundreds of chan-
nels spaced by 6 MHz were in critical demand. With the emerging popularity and
commercial importance of the internet in the mid-1980s. The high bandwidth con-
duit into homes originally installed for CATV was leveraged for internet access as
well, in the form of cable modem. Cable Modem is currently the dominant means
of internet access in the N. American home.

vii



viii Foreword to the Second Edition

The Amnon Yariv Lab at Caltech was a leader in the research and development
of linear lasers suitable for HFC systems. In 1981, a group based in the Yariv Lab
founded the startup, Ortel Corporation, to manufacture HFC lasers with Kam Lau
as founding Chief Scientist. He continued to work on analog lasers until 2005, by
which time he was Professor Emeritus in the Department of Electrical Engineer-
ing and Computer Sciences at the University of California, Berkeley. The principal
challenges were:

1. To achieve a modulation bandwidth of several GHz corresponding to a few
hundred TV channels.

2. To achieve a strictly linear response between optical output power and mod-
ulating current over the entire bandwidth of several GHz to realize a faithful
reproduction of the RF broadcast spectrum in the optical subcarrier spectrum.

Ortel’s success can be measured by its IPO in 1994 and the huge sum (�$3B) paid
by Lucent to purchase it in 2000. Much of the theory and design Lau and colleagues
developed at the time is reviewed in the First and Second Editions of “Ultra-High
Frequency Linear Fiber-Optic Systems.” The new material added in the 2nd edition
comprises Chaps. 17 and 18, and Appendices F and G.

A deviation in linearity between optical output (L) and modulator drive cur-
rent (I ) produces mixing products, some of which fall onto particular operating
channels. After optimizing linearity, one can apply algorithms for optimizing active
channel selection to avoid combinations producing large interference conditions.
Such algorithms are discussed in Chap. 17.

HFC systems benefited from the progress made in Erbium-doped fiber amplifiers
(EDFAs) for wavelength division multiplexed telecommunication systems. EDFAs
were deployed to extend the range of HFC networks. System considerations for HFC
application are examined in Chap. 18. It is concluded that EDFAs do not intrude
significant nonlinearity.

Examples of defense applications of high-speed linear fiber optic systems can be
found in Appendix G, including an aerial-deployed fiber-optic link providing RF
communication between a combat aircraft and a towed target decoy. In addition,
high speed linear fiber optic links were employed to transfer by fiber high speed
single-shot analog data of underground nuclear tests at the Nevada Test Site in the
1980s to recorders at a remote location on the surface. Successful capture of test
data was possible because the measurement data were transferred out from ground
zero at the speed of light, while the destructive force of the explosion traveled
approximately at the speed of sound.

The designer or student wishing to master the fundamentals of linear ana-
log semiconductor lasers and systems will find “Ultra-High Frequency Linear
Fiber-Optic Systems” an ideal resource.

San Francisco, CA, USA Ivan P. Kaminow
January 2011 Bell Laboratories (Retired)

Adjunct Professor
Electrical Engineering and Computer Sciences

University of California, Berkeley, USA



Foreword to the First Edition

It would seem that a comprehensive book on such an interesting and practically
important topic as linear fiber-optic systems that includes an in-depth theoretical
and practical treatment of their key enabling devices is well overdue. Linear or ana-
log fiber-optic systems are important segments of optical transmission systems that
make-up the global optical network. In addition, linear optical systems are important
in other specialty areas, including military applications for sensing and distributed
antennas. A deep understanding and practical appreciation of the enabling tech-
nologies – both lasers and detectors – that support such systems is essential to fully
appreciate and master the innovation and design of such systems. Professor Kam
Lau’s book provides an in depth treatment of both linear fiber-optic systems and
their key enabling devices.

The semiconductor laser is at the heart of such analog systems. As the engine
of every optical communication system, the semiconductor laser is the light source
that provides the single-, high-frequency carrier on which high bit-rate signals are
impressed or encoded. While many optical transmission systems, including those
that make up the long haul undersea and terrestrial as well as metro and recent fiber-
to-the-home networks, employ digital modulation of intensity “zeros” and “ones”,
systems that use fiber as trunks to extend video signals deep into cable TV networks
are analog systems. In such analog systems, a video signal is directly impressed
with high analog fidelity onto an optical carrier. For these analog systems, high-
speed modulation of lasers in which the modulated laser output is an undistorted
(linear) replica of the video signal is critically important.

In addition to such analog application, many digital systems – probably the
majority from a numbers point of view – particularly at modest data rates or over
shorter distance links, information encoding is achieved via direct on/off intensity
modulation of the laser. Examples include cross-office links, data center links, stor-
age area networks, and fiber-to-the-home systems to name a few. For these two large
areas of applications, the high-speed modulation characteristics of semiconductor
lasers are of fundamental importance.

Professor Kam Lau’s book is focused on fundamental understanding as well as
the very practical implications of semiconductor laser performance in response to
high-speed current modulation and on their application to high-frequency linear
fiber-optic systems. The high-speed laser modulation information is also applicable

ix



x Foreword to the First Edition

to directly modulated digital optical transmission systems. The book draws substan-
tially on the author’s collaborative work with colleagues at Caltech and Ortel Corp.
in the 1980s and on results generated in his research group in the 1990s as Professor
of Electrical Engineering and Computer Sciences at University of California, Berke-
ley which includes several seminal discoveries during these investigations. The
author’s prior industrial experiences as founding chief scientist of Ortel Corp. – a
market leader in linear fiber-optic systems for the Hybrid-Fiber-Coax infrastructure
(acquired by Lucent in 2000) and as co-founder of LGC Wireless, Inc. – a market
leader in in-building wireless coverage and capacity solutions (acquired by ADC
Telecom in 2007) have clearly helped to provide a practical view at both the systems
and device level, which should be useful to the reader.

Parts I and II of the book are devoted to the Physics of High Speed Lasers. The
author examines the properties of high-speed modulation starting from first prin-
ciples. Included are derivations for the frequency response as well as the distortion
effects, so important to analog system applications. The high-speed laser modulation
performance is important for directly modulated digital fiber-optic systems as well.

Analog transmission systems are covered in Part III. Transmission impairment
issues, including the impact of laser performance, are reviewed. Several summaries
of experimental systems results, including those employing high frequency exter-
nal modulators provide a practical perspective. A particular example of analog links
to provide wireless signal distribution offers an interesting application that is also
of growing importance to indoor wireless coverage. The appendices nicely com-
plement the main body of the book by including, e.g., background information on
linear systems and alternate linear encoding approaches such as external waveguide
modulators.

This book should serve as an excellent text for advanced graduate students
engaged in research in high frequency fiber-optic links for cable TV and remote
antenna systems as well as those interested in a fundamental understanding of high
frequency laser modulation performance. It should also be valuable as a source
reference for researchers and engineers in both academia and industry.

Holmdel, NJ, USA Rod C. Alferness
July 2008 Chief Scientist

Bell Laboratories, Alcatel-Lucent, USA



Preface to the Second Edition

The First Edition of this book provided an in depth coverage of fundamental aspects
of linear fiber-optic systems based on directly modulated semiconductor laser trans-
mitters. This type of link is overwhelmingly prevalent in linear fiber-optic systems,
which constitute the foundation of Hybrid-Fiber-Coax (HFC) infrastructure, on
which present day CATV services to, and cable modem internet access from the
home depend. Important new aspects of linear fiber-optic transmission technolo-
gies covered in Part IV of this Second Edition include discussions in Chap. 17 of a
high-level system architectural issue in optimal assignment of subcarrier frequencies
to achieve the lowest inter-channel interference, at the required modulation index
to maintain the carrier-to-noise/interference ratio needed for the functions/services
involved. These algorithms for deriving the optimal frequency assignment of sub-
carrier channels can be applied to any multi-channel transmission system without
regard to the specific hardware employed, and apply equally well to fiber-optic sys-
tems employing directly modulated or externally modulated laser transmitters. As a
matter of fact, some of these frequency assignment algorithms have their origin in
satellite transmission where high power Traveling Wave Tube amplifiers employed
on board satellites exhibit considerable nonlinearities.

Another systems issue addressed in this Second Edition concerns the use of
Erbium-Doped Fiber Amplifier (EDFA) in linear fiber-optic systems. EDFAs are
proven and ubiquitous in present day fiber-optic telecommunication systems for
transmission of digital data. Their ready commercial availability these days makes
them logical candidates for deployment in linear fiber-optic systems as well, yet the
stringent requirements for linear fiber-optic transmission above and beyond those
for digital transmission necessitates a closer look at the fundamental mechanisms
responsible for distortion generation in EDFA’s (Chap. 18).

Significant examples of field deployed military systems enabled by linear fiber-
optic links described in Appendix G include:

1. Aerial fiber-optic towed decoy in military aircrafts (Sect. G.1) presently available
from BAE Systems, a defense and security aerospace company headquartered
in UK.

xi



xii Preface to the Second Edition

2. Transmission of fast single-shot data collected by sensors in nuclear test events
(Sect. G.2), an early application of high speed wide-band fiber-optic links offered
in the early-mid 1980s by Ortel Corporation of California (acquired by Lucent
in 2000 and now a division of Emcore Corporation.) Described in the literature
for the first time. These systems were the earliest commercial field deployment
of linear fiber optic links which were the fore-runners of linear fiber-optic system
products offered by Ortel Corp. for the (financially more significant) HFC mar-
ket. The “consumable” nature of this application provided a consistent recurring
revenue source for the company in its early years prior to the emergence of the
HFC market.

Acknowledgements

The portion of new materials in this Second Edition on optimal frequency planning
(Chap. 17) and employment of Erbium doped Fiber Amplifiers in multichannel
Linear Fiber Optic System (Chap. 18 and Appendix F) is extracted from original
research contributions of Prof. Lian-Kuan Allen Chen of the Department of
Information Engineering at the Chinese University of Hong Kong, in the course
of his doctoral dissertation research in the department of Electrical Engineering
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Prof. Emmanuel Desurvire and the author during 1989–1992. The author owes a
debt of gratitude to Prof. Chen for his kind permission to adopt these materials in
this book.

The author expresses his thanks to Kit Pang Szeto for his expert typesetting of
the text and drafting of the figures in this book, as he had done with the first edition.

Kam Y. Lau
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Preface to the First Edition

Fiber-optics are firmly established as the dominant medium of terrestrial telecom-
munication infrastructure. Many excellent references and textbooks exist today that
treat this subject in great detail. Most of these books cover device and systems
aspects of digital fiber-optic transmission. For this reason, digital fiber-optic systems
will not be a subject of discussion at all in this book. In the current communication
infrastructure, a sizeable portion of “access” traffic is carried by Hybrid-Fiber-Coax
(HFC) infrastructure [1], which employs subcarrier transmission1 (essentially an
analog format)2 to support both CATV3 and cable modem Internet access. A simi-
lar situation exists in some military radar/communication systems where personnel
and signal processing equipments are remoted from the physical antennas, which
are often in harms way of homing weapons. The format of transmission in these
systems is also analog in nature. Various nomenclatures have been given to these
systems, the most popular of which are – RF photonics, linear/analog lightwave
transmission, the former being popular with the defense establishment, the latter
with commercial establishments serving the HFC infrastructure.

1 Subcarrier transmission is essentially frequency division multiplex in the RF domain modulated
on an optical carrier.
2 Most subcarrier transmissions use QPSK or higher “-nary” modulation of the RF carrier, and are
thus digital in content; but the criteria used to gauge the quality of the signals are still RF in nature.
It is thus a matter of semantics or opinion whether subcarrier modulation is “analog” or “digital.”
The author prefers to interpret subcarrier modulation and transmission as “analog” because the
principal criteria used to gauge their performances are analog in nature.
3 “CATV” stands for Community Antenna TV in which a large satellite antenna at a remote location
with good reception of satellite signals transmission from TV stations located around the country,
typically in analog FDM format. The satellite antenna is often collocated with video processing and
Internet access equipments. Collectively these facilities are known as the “Head End.” Linear (ana-
log) fiber optic links carry the signals to subdivision hubs. From there it is distributed to individual
homes through a coaxial cable network – hence the name “Hybrid Fiber Coax.” Employment of
linear fiber-optic components and systems eliminates the need for serial placement of numerous
high linearity RF amplifiers (“in-line amplifiers”) to compensate for the high loss of coaxial cables
in the long span from the head end to subdivision hubs. Failure of a single RF amplifier results in
loss of service to an entire subdivision.

xiii



xiv Preface to the First Edition

Fig. P.1 Aerial view of Deep Space Network (DSN) at Goldstone, Mojave Desert, Southern Cali-
fornia. The giant 70 m dish is in the foreground, a dozen other smaller dishes are located around it
spaced up to 10 km’s from one another

While the most significant commercial application of linear fiber-optic sys-
tems has been the deployment of HFC infrastructure in the 1990s, the earliest
field-installed RF fiber-optic transmission system was made operational in the late
1970s/early 1980s at the “Deep Space Network” (DSN) at Goldstone, Mojave
Desert in Southern California, just north of Los Angeles. The DSN4 is a cluster
of more than a dozen large antenna dishes, the largest of which measures 70 m in
diameter (Fig. P.1).

The DSN is operated by Jet Propulsion Laboratory (JPL) of Caltech and used by
NASA (National Aeronautics and Space Administration) over the past two decades
to track and communicate with unmanned space probes exploring the solar system
to its very edge and beyond. In particular, the two “Voyager” space probes (Voyager
I & II) were designed and destined to head out of the Solar system into interstellar

4 The DSN antenna network consists of three clusters of large antennas each identical to the one
at Goldstone, the other two are located near Madrid, Spain, and Canberra, Australia. These three
DSN sites are located roughly evenly in longitude around the globe, to enable maximum round the
clock coverage of the interplanetary space probes.



Preface to the First Edition xv

space.5 At >8 billion miles from earth, the signal power received by/from these
interstellar spacecrafts is minuscule to the extent that even a single 70 m diameter
giant antenna dish alone at DSN was inadequate to carry out the task of communi-
cations/tracking. A fiber-optic network was installed at the Goldstone DSN in the
late 1970s/early 1980s, with the sole purpose of transmitting to all antennas in the
network an ultra-stable microwave reference signal at 1.420405752GHz (the 21 cm
line of atomic hydrogen, accurate to within parts in 1015, generated by a hydrogen
maser in an environmentally controlled facility). All antennas in the network are
synchronized to this ultra-stable frequency reference enabling them to act as a sin-
gle giant antenna using the phase array concept, capable of communicating with the
spacecrafts as they head out to interstellar space.

This extreme stability requirement of microwave fiber-optic links necessitates
active feedback stabilization techniques to compensate for any and all physical
factors that can affect lightwave propagation in the optical fiber cable, including
temperature, humidity, and mechanical effects. A scheme to achieve this was dis-
closed in a patent, the front page of which is shown in Fig. P.2. Readers interested in
the details of this stabilization scheme should consult the full patent, downloadable
from the U.S. Patents and Trademark Office web site – http://www.uspto.gov/ and
search for patent #4,287,606.

Among the numerous nomenclatures used to describe this type of analog fiber-
optic transmission systems, “linear lightwave transmission” has gained traction
over others, even though in substance there is no distinction between “linear light-
wave transmission” and the more traditional, technically descriptive “analog/RF
lightwave transmission,” the rationale being:

1. The financial community generally offers higher reward to non-defense related
businesses than those otherwise, presumably because the well being of the latter
depends too heavily on the often unpredictable international political climate.

2. “linear” lightwave systems surpasses “analog” lightwave systems, in terms of
marketability of hardware manufacturers to the financial community because
the latter conjures up undesirable archaic impressions.

Cable TV distribution and associated cable modem Internet access really belong
in the realm of “access” and not telecommunications, but they are nonetheless an
important and integral part of present day communication infrastructure.

Yet another emerging means of access and enterprise private communication
infrastructure construct is free-space point-to-point millimeter-wave (“mm-wave”)
links,6 capable of high data rates (in multi-Gb/s’) due to the high carrier frequency
in the mm-wave range. It also offers ease of construction – the only criterion

5 On May 31, 2005 and August 30, 2007 Voyager I and Voyager II respectively passed the helio-
sphere, the critical boundary at 8.7 billion miles from the sun that marks the transition from the
solar system into interstellar space. For more information, visit http://voyager.jpl.nasa.gov/.
6 Examples of commercial offerings of this type of products are – http://www.loeacom.com/,
retrieved: 2008/07/25, 4:25PM and http://www.bridgewave.com/, retrieved: 2008/07/25, 4:26PM.
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Fig. P.2 Front page of patent disclosure detailing method and apparatus of fiber-optic transmission
of ultra-stable frequency reference for antenna synchronization at NASA Deep Space Network
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Fig. P.3 Schematic of a campus-scale free space mm-wave network

being locating and gaining access to line-of-site vantage points for the transmit-
ting and receiving antennae. The physical alignment of these mm-wave links are
substantially more forgiving than corresponding free-space optical links, and in con-
trast to the latter, suffers only minimal free-space propagation impairment under
less-than-ideal weather conditions. Another desirable factor for this type of sys-
tems over a wire-line infrastructure, in addition to savings in construction cost and
time, is avoidance of onerous issues of negotiating right-of-ways. This is all the
more apparent, for example, in the situation of construction of a high speed private
data network between buildings within a corporate campus which spans across an
interstate highway with no right-of-way access for private enterprise (Fig. P.3).

It is also desirable for this type of commercial systems to have the mm-wave
transceiver equipments located remotely from the antenna sites, even though the
antenna sites are not at risk of being targeted by homing destructive vehicles. The
reasons are two-folded:

1. FCC stipulates that licensees of mm-wave bands hold their emission frequencies
tightly, to the extent that economical free-running mm-wave oscillators operat-
ing in an uncontrolled outdoor environment do not suffice; they must be locked
to a stable reference located remotely in an environmentally controlled location
or else the data to be transmitted are “pre-mixed” onto the mm-wave carrier at
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a remote location and then “piped” to the remote antenna site for free space
transmission.

2. The amount of service work required at the remote antenna sites (which are
often difficult to access and subjected to inclement weather conditions) can be
minimized.

Given the above rationale, the problem then becomes that of innovating means of
transporting mm-wave subcarrier signals over intermediate distances (up to �10’s
of km’s.) Use of mm-wave waveguides or coaxial cables are simply not viable due
to dispersion/loss, in addition to being bulky, heavy, and prohibitively expensive.

The use of optical fiber should be an ideal solution. This book deals with the
subject of modulating and transmitting mm-wave subcarrier signals on an optical
carrier, and associated fiber transmission effects.

In traditional telecom infrastructure long haul links use externally modulated
laser transmitters in order to minimize optical frequency chirp and resultant signal
degradation due to fiber dispersion. The “external” modulator in telecom long haul
transmission is actually an electro-absorption (EA) modulator monolithically inte-
grated with a CW laser, the “EML” (Electroabsorption Modulator Laser). Within the
metropolitan arena the fiber infrastructure is dominated by 1.3�m links employing
directly modulated Distributed FeedBack diode lasers, “DFB’s.” In terms of the raw
number of laser transmitters deployed, directly modulated 1.3�m lasers far outstrip
that of “IML”. The situation is similar in HFC networks, where directly modulated
1.3�m linear laser transmitters transporting RF signals over longer spans within
subdivisions are far more prevalent than long reach links feeding subdivision nodes
from the “head-end”. In terms of economics, directly modulated linear laser trans-
mitters thus carry more weight. This is also the case for the type of fiber-optic
distribution infrastructure supporting the type of mm-wave free-space intercon-
nection networks as described above. For economic reasons, it is preferred that
short spans for transporting mm-wave signals up to roof tops or tall towers/poles
(“short-reach” links) employ 1.3�m Single Mode Fibers “SMF’s” using inexpen-
sive directly modulated laser transmitters, which are only slight variants of those
deployed in telecom, where economic advantages of the latter’s mass production
capacity can be exploited, while “long-reach” links serving a wider region consist
of 1.55�m SMF’s, (not necessarily of the dispersion-shifted type.) Transmitters for
these long-reach links employ CW laser diodes in conjunction with a high frequency
external modulator, of which the velocity-matched Mach-Zenhder type is a logical
choice. Similar to the case of HFC networks, the raw number of directly modu-
lated 1.3�m “short reach” links far outstrips that of “longer reach” 1.55�m links
requiring externally modulated transmitters. To reflect this practical reality and the
innovative challenges in constructing low-cost “telecom-type” directly modulated
laser diodes capable of operating at mm-wave frequencies for the “short-reach”
spans. A considerable portion of this book (Chaps. 8–11) is devoted to this subject.

“Longer reach” 1.55�m links for transport of millimeter-wave signals up to
50–100 km employing external electro-optic Mach-Zenhder modulators are
described in Chaps. 12 and 13 for dispersion-shifted and non-dispersion-shifted
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fibers respectively. The basic principle of high frequency velocity-matched
modulators are presented in Appendix C.

The core material (Parts II and III) in this book represents research results on
this subject generated by members of the author’s research group in the 1990s in
the Department of Electrical Engineering and Computer Sciences at U.C. Berkeley.
These materials are augmented by discussions, in Part I of the book, of general
baseband modulation of semiconductor lasers and associated fiber transmission
effects, which constitute the basis of understanding of directly modulated laser
transmitter prevalent in metropolitan and local area fiber optic networks, as well
as subcarrier fiber-optic links in HFC networks today.

These traditional baseband direct modulation approaches, however, does not
appear to have the potential of extending into the mm-wave frequency range.
Innovative approaches are therefore needed to accomplish the task of transport-
ing mm-wave subcarrier modulated optical signals in optical fibers, as covered in
Parts II and III of this book. Following is a review of the current understanding of
direct modulation of semiconductor lasers (Chaps. 1–6) and some related noise and
impairments due to laser-fiber interaction (Chap. 7) in Part I of the book, Part II
describes an innovative approach known as “resonant modulation”, which is basi-
cally a “small-signal” version of the classic technique of mode-locking applied at
the mm-wave frequency range to monolithic, standard telecom laser diode structures
for transmission of subcarrier signals beyond the baseband limit (into the mm-wave
frequency range). Part III discusses fiber transmission effects of mm-wave subcar-
rier signals in general (Chaps. 12, 13), as well as a high level systems perspective of
a particular application to fiber-wireless coverage (Chap. 14). Chapter 15 discusses
the effect and mechanism of suppression of interferometric noises (such as modal
noise in MMF (Multi-Mode Fiber) links or intensity noise generated by conversion
from phase noise of the laser by multiple retroreflections in SMF (Single-Mode
Fiber) links) by superposition of a high frequency tone in the modulation current
input to the laser (Chap. 15). Part III concludes with another innovative, powerful
approach to optical transmission of mm-wave subcarrier signals – “Feed-forward
Modulation” (Chap. 16), which circumvents a significant disadvantage of the “res-
onant modulation” approach, namely that the laser device must be customized
for transmission at a given mm-wave subcarrier frequency, and cannot be freely
varied electronically thereafter. This is precisely the capability of “Feed-forward
Modulation”, albeit at the cost of higher complexity and part count.

Notes on common metrics of RF signal qualities can be found in Appendix A.
Basic Principles of high speed photodiodes and narrow-band photoreceivers
intended for subcarrier signals are discussed in Appendix B. Basic principles
and state-of-the art external optical modulators are briefly reviewed in Appendix C.

Appendix D describes theoretical direct modulation response of “superlumines-
cent lasers” – laser diodes with very low end mirror reflectivities operating at a very
high internal optical gain, using the full nonlinear, spatially non-uniform traveling-
wave rate equations, the computed response is compared to that of conventional
laser diodes using the simple rate equations, the validity of the spatially uniform
rate equations is thus established.
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Physics of High Speed Lasers



Chapter 1
Basic Description of Laser Diode Dynamics
by Spatially Averaged Rate Equations:
Conditions of Validity

A laser diode is a device in which an electric current input is converted to an out-
put of photons. The time-dependent relation between the input electric current and
the output photons is commonly described by a pair of equations describing the
time evolution of photon and carrier densities inside the laser medium. This pair
of equations, known as the laser rate equations, is used extensively in the following
chapters. It is, therefore, appropriate, in this first chapter, to summarize the results of
Moreno [2] regarding the conditions under which the rate equations are applicable.

1.1 The “Local” Rate Equations

The starting point for the analysis of laser kinetics involves the coupled rate
equations, which are basically local photon and injected carrier conservation equa-
tions [3]:

@XC

@t
C c

@XC

@z
D A.N �Ntr/X

C C ˇ
N

�s

; (1.1a)

@X�

@t
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dN

dt
D J

ed
� N

�s

� A.N �Ntr/.X
C CX�/; (1.1c)

where z is the spatial dimension along the length of the laser, with reflectors of
(power) reflectivitiesR placed at z D ˙L=2,XC andX� are the forward and back-
ward propagating photon densities (which are proportional to the light intensities),
N is the local carrier density, Ntr is the electron density where the semiconductor
medium becomes transparent, c is the group velocity of the waveguide mode, A is
the gain constant in s�1/(unit carrier density), ˇ is the fraction of spontaneous emis-
sion entering the lasing mode, �s is the spontaneous recombination lifetime of the
carriers, z is the distance along the active medium with z D 0 at the center of the
laser, J is the pump current density, e is the electronic charge, and d the thickness
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4 1 Basic Description of Laser Diode Dynamics

of the active region in which the carriers are confined. For the remaining of this
chapter, it is assumed that Ntr D 0, the only consequence of which is a DC shift in
the electron density, which is of significance only in considering lasing threshold.
In addition, the following simplifying assumptions are made in writing down (1.1):

(a) The quantities X� describe the local photon number densities of a longitudinal
mode of the passive laser cavity at a given (longitudinal) position in the laser
cavity, at time t , integrated over the lasing linewidth of the longitudinal mode,
which is assumed to be much narrower than the homogeneously broadened laser
gain spectrum.

(b) The gain coefficient (AN ) is a linear function of the injected carrier density N
(A is popularly known as the “differential optical gain coefficient” and is shown
in later chapters to play a key role in determining direct modulation bandwidth
of laser diodes).

(c) Variations of the carrier and photon densities in the lateral dimensions are
neglected.

(d) Diffusion of carriers is ignored.

Assumptions 1 and 2 are very reasonable assumptions that can be derived from
detailed analysis [4–6]. The representation of the semiconductor laser as a homo-
geneously broadened system can also be derived from basic considerations [7].
Transverse modal and carrier diffusion effects, ignored in assumptions 3 and 4, can
lead to modifications of the dynamic behavior of lasers [8, 9].

Equations (1.1) are to be solved subject to the boundary conditions

X�
�
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2

�
D RXC

�
L

2

�
; (1.2a)
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��L
2

�
D RX�

��L
2

�
: (1.2b)

The steady-state solution of (1.1) gives the static photon and electron distributions
inside the laser medium and has been solved analytically in [4]. The solution is
summarized as follows, where the zero subscript denotes steady-state quantities:

XC
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; (1.3a)
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where a is a quantity given by the following transcendental equation:
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; (1.4)
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where

� D 1

2

s
.R � 1/2ˇ2

.Ra/2
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R
C .R � 1/
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Ra
(1.5)

and g D AJ0

�s

ed
is the unsaturated gain, and u.z/ is given transcendentally by

.1 � 2ˇ/u.z/C 2a sinh u.z/ D gz: (1.6)

The electron density N0.z/ is given by

AcN0.z/ D g

1C 2a cosh u.z/� 2ˇ
: (1.7)

Figure 1.1 shows plots ofXC
0 .z/,X

�
0 .z/, and g0.z/ D AcN0.z/ for a 300��m laser

with three values of end-mirror reflectivities. (a) 0.3, (b) 0.1, and (c) 0.9. The high
nonuniformity in the distributions becomes apparent at low reflectivities.

1.2 Spatially Averaged Rate Equations
and their Range of Validity

Equation (1.1) constitute a set of three coupled nonlinear differential equations in
two variables that do not lend themselves to easy solutions. Considerable simpli-
fication can be made if the longitudinal spatial variable (z) is integrated over the
length of the laser. Such simplification is valid only when the end-mirror reflectivity
is “sufficiently large”, A more precise definition of the range of validity of such an
assumption is given in the following, summarizing the approach of [2].

To begin, (1.1a) and (1.1b) are integrated in the z variable, resulting in
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where � denotes the spatial average
Z L=2

�L=2

dz

L
. Adding (1.8a) and (1.8b),
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where P D XC CX� is the total local photon density and the boundary conditions
(1.2) have been used. Equation (1.1c) integrates straightforwardly to

dN �

dt
D J

ed
� N �

�s

�A.NP/� (1.10)

where a uniform pump current of density J is assumed.A is known as the “differen-
tial optical gain”. It is shown in later chapters to play a key role in determining direct
modulation bandwidth of laser diodes. Introducing factors f1 and f2 as follows:

f1 D .NP/�

N �P � ; (1.11)

f2 D P.L=2/

P �.1CR/
; (1.12)

one can write the spatially averaged rate equations (1.9) and (1.10) in the following
form:

dP �

dt
D Af1N

�P � � 2c.1 � R/f2

P �

L
C 2ˇ

N �

�s

; (1.13)

dN �

dt
D J

ed
� N �

�s

� Af1N
�P �; (1.14)

which are recognized as the commonly used rate equations [10,11] if the conditions

f1 D 1; (1.15)

f2 D �1
2

lnR

1 �R (1.16)

are satisfied. The first of these conditions requires, for the quantities N and P , that
the spatial average of the product equals the product of the spatial averages. This
condition is not satisfied in general, but it will be true if the electron density N is
uniform, as in the case when R approaches unity, which is apparent from Fig. 1.1c.
The second condition requires the photon loss rate in (1.13) to be inversely propor-
tional to the conventional photon lifetime. It will also be satisfied if R is very close
to unity, since both (1.12) and (1.16) converge to 0:5 at this limit.

A more precise delineation of the range of the applicability of conditions (1.15)
and (1.16) is obtained by calculating f1 and f2 from exact steady-state solutions
(1.3)–(1.7), and comparing them with (1.15) and (1.16). From (1.3) and (1.7),

f1 D
L

Z
P

1C A�sP
dzZ

dz

1C A�sP

Z
P dz

; (1.17)

f2 D LXC.L=2/R
P dz

; (1.18)
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Fig. 1.2 Variations of f1 and
1
f2

with R when ˇ � 10�3

and gL > 10
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where the integrals are evaluated over the length of the laser. These integrals can
be numerically evaluated using (1.3)–(1.7), and the results are shown in Fig. 1.2.
Figure 1.2 shows numerically computed plots (solid lines) of f1 and 1=f2 as a func-
tion of end-mirror reflectivity R; the calculation was done with the laser biased
above threshold. The dotted lines are the “ideal” values of f1 and f2 given by (1.15)
and (1.16). The figure indicates that the usual rate equations are reasonably accurate
for R larger than approximately 0.2 – valid for laser diodes constructed from III–V
materials, which have facet reflectivities of � 0:3.

The above results lead to the conclusion that the simple rate equations, expressed
in (1.19) and (1.20) (where the N and P now denote averaged quantities, in the
longitudinal spatial dimension):

dN

dt
D J

ed
� N

�s

� ANP (1.19)

dP

dt
D ANP � P

�p

C ˇ
N

�s

(1.20)

(1=�p D c=.2L/ ln.1=R/ is the classical photon lifetime and A D �c) are reason-
able representations if the end-mirror reflectivity is above 0.2 and the laser is above
threshold. The spontaneous emission factor ˇ in (1.20) is a factor of two higher than
that defined in (1.1) due to the inclusion of photons propagating in both directions.
Common GaAs or quaternary lasers, with the mirrors formed by the cleaved crystal
facets, have a reflectivity of �0:3 and are thus well within the scope of (1.19) and
(1.20). In Appendix D, the exact small signal version of (1.1)) is solved numerically,
and it is found that (1.19) and (1.20) can very accurately describe the small signal
frequency response of the laser for end-mirror reflectivities as low as 10�3. This is
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certainly not expected from a physical standpoint and serves as a surprise bonus for
this simplification.

Another factor that can render the spatially uniform assumption invalid is when
“fast” phenomena, occurring on the time scale of a cavity transit time, are being
considered. It is obvious that the concept of “cavity lifetime” and that of cavity
modes, appearing in (1.20), are no longer applicable on that time scale. In common
semiconductor lasers where the cavity length is approximately 300�m, the cavity
transit time is about 3.5 ps. The usual rate equations are, therefore, not applicable in
describing phenomena shorter than about 5 ps, or at modulation frequencies higher
than 60 GHz. Modulation regimes in the millimeter wave frequencies can take
advantage of this cavity round-trip effect and is known as “resonant modulation”,
discussed in detail in Part II of this book.

In the following chapters, (1.19) and (1.20) are used extensively and serve as the
basis for most of the analysis of the direct modulation characteristic of lasers.



Chapter 2
Basic “Small-Signal” Modulation Response

Most predictions of direct modulation response behavior of laser diodes are derived
from a small-signal analysis of the spatially averaged rate equations (1.19) and
(1.20). This approach involves the assumption that the laser diode is driven by
a “small” sinusoidal current at frequency !, superimposed on a DC bias current:
J.t/ D J0 C j.!/ exp.i!t/. The photon and electron density variables, n and p,
are assumed to similarly consist of a “steady-state” part, and a “small” time-varying
part: n.t/ D n0 Cn.t/; p.t/ D p0 Cp.t/. Furthermore, the “small” time-dependent
part is assumed to be sinusoidally varying in time, at the same frequency as the mod-
ulating current, i.e., n.t/ D n.!/ exp.i!t/, p.t/ D p.!/ exp.i!t/, where n.!/,
p.!/ are complex quantities in general, thus incorporating the relative phase shifts
between the drive current and the electron and photon responses. As for what consti-
tutes a “small” signal, one examines (1.19) and (1.20) and observes that the difficulty
that prevents a simple analytic solution originates from the product term involving
np present in both equations. A well-known mathematical technique for obtaining
an approximate solution is to first solve the equations in the “steady state”, assum-
ing no time variations in J.t/, i.e., if j.!/ D 0, consequently, there would be no
time variations in n and p either – n.!/ D p.!/ D 0. One then simply solves
for n0 and p0 as a function of J0. It turns out that the solutions thus obtained are
incredibly simple, namely, n0 D 1 and p0 D J0 �1 if J0 > 1, whereas n0 D J and
p0 D 0 if J0 < 1. A straightforward physical interpretation of these simple results
is that the quantity J0 D 1 represents the lasing threshold current of the laser. Thus,
in the steady state when no modulation current is applied, the relation between the
optical output power from the laser (which is proportional to P0) and the input cur-
rent J0 is simply as follows: P0 D 0 if J0 < 1; P0 D J0 � 1 if J0 > 1.1 There
is a “knee” in the optical output power versus input current relationship. Above
this knee, the output optical power is a strictly linear function of input current –
in principle, assuming absence of any device imperfections. Thus, from the above

1 These simple results have assumed the following normalization of the parameters – N is normal-
ized by .1=A�p/; P by .1=A�s/; t by �s and J by ed=.A�s�p/, in addition to ignoring the fact
that the electron density must reach a certain value before the laser medium experiences positive
optical gain. It is a simple matter to add a constant to the result above for the steady-state value of
the electron density to account for this fact.

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 2,
© Springer-Verlag Berlin Heidelberg 2011
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simple considerations, the direct modulation characteristic of the laser should be
strictly linear and free of distortions.

It turns out that this conclusion is only valid for modulation at “low” frequen-
cies, which is to be expected, since the conclusion is drawn from a steady-state
solution of the rate equations. Chapter 3 examines the full frequency dependence
of various modulation distortions. It is shown in Chap. 3 that apart from those
induced by device imperfections, the product term n.t/p.t/ in the rate equations
(1.19) and (1.20), due to fundamental stimulated emission responsible for the laser
action, is the fundamental source of nonlinear distortions in directly modulated laser
diodes. This, thus, establishes a fundamental lower limit to the amount of distortion
generated in direct modulation of the laser diode, which cannot be removed by
means of clever device design. Consequently, all ultra linear fiber-optic transmit-
ters that employ directly modulated laser diode must use some form of electrical
distortion-compensation techniques to correct for the laser modulation distortion.

The “small-signal analysis” procedure then involves substituting J.t/, n.t/, and
p.t/ as assumed above into the rate equations (1.19) and (1.20), followed by dis-
carding products of the “small” terms, n.!/p.!/. It is for this reason that the
“small-signal” analysis is synonymous with a “linearization” analytic procedure.

For most operations of laser diodes, the laser diode is “biased” with a DC current
above lasing threshold. An exact numerical solution of the coupled rate equations
(1.19) and (1.20) shows that severe “ringing” in the optical output (p.t/) occurs
when the laser is turned on from below threshold. While this may be compen-
sated for in some digital transmission links by electrical filtering of the signal at
the receiver, this is totally unacceptable for linear transmission systems. It is, thus,
assumed, in practically all discussions in the following chapters that the laser is
“biased” with a DC current well above lasing threshold, and a “small” modulation
current is then superimposed on the DC bias current.

For a drive current that takes on a sinusoidal form at a certain frequency, it is
assumed that the condition “small signal” is satisfied when both the electron and
photon densities follow an exact sinusoidal variation at the same frequency. The
issue of distortion in the modulated output photon density, which is a matter of
prime importance in linear (analog) transmission, such as multichannel CATV, is
discussed in Chap. 3. Distortions that can be treated as (small) perturbations from
the ideal sinusoidal responses fall under the “small signal” regime, as discussed in
Chap. 3. Gross departures from the ideal sinusoidal response must be treated differ-
ently; often, numerical procedures are required, as is often the case in digital on/off
modulation.

Using this “small-signal” approach, one reduces the coupled nonlinear rate equa-
tions (1.19) and (1.20) to two coupled linear differential equations, which are
then further simplified by canceling out the (common) harmonic dependence of
the variables, thus leaving two coupled linear algebraic equations in the variables
n.!/, p.!/ with the drive term being j.!/. The commonly defined “frequency
response” of the laser is f .!/ D p.!/=j.!/, obtained easily by solving the two
coupled linearized (now algebraic) rate equations. The form of f .!/ is f .!/ �
1=Œ.i!/2 C �.i!/ C .i!rel/

2�, which is the classic form of a conjugate pole-pair
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second-order low-pass filter, exhibiting a flat low frequency pass band followed by a
resonance peak at f D fR D !R=.2�/ before falling off at a rate of �40 dB/decade
(Fig. 2.1). The resonance peak at ! D !R is commonly known as the “relaxation
oscillation” of the laser. This “relaxation oscillation” resonance peak in the fre-
quency response can be interpreted as the frequency domain manifestation of the
time-domain “ringing” of the optical output when the laser is driven from below
threshold, as described before. When biased above threshold and modulated in the
“small-signal” regime, the useful modulation bandwidth of semiconductor lasers is
widely accepted to be equal to fR, the relaxation oscillation frequency, although
it is well recognized that the relaxation resonance, the magnitude of which varies
considerably among lasers [12, 13], can limit the useful bandwidth to somewhat
below fR. Nevertheless, as a standard for comparison, the modulation bandwidth is
simply taken as fR. The relaxation oscillation frequency can be obtained by a stan-
dard small-signal analysis of (1.19) and (1.20) (with the only approximation being
ˇ � 1), which gives

	rel D 1

2�

s
Ap0

�p

; (2.1)

where p0 is the steady-state photon density in the active region.
Additional insight can be gained by noting that (2.1) can be rewritten as 	rel D

.1=2�/.�stim�p/
�1=2, i.e., the relaxation oscillation frequency is equal to the inverse

of the geometric mean of the photon and stimulated carrier lifetimes.
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Equation (2.1) suggests three obvious independent ways to increase the relax-
ation frequency – by increasing the differential optical gain coefficient (A) or the
photon density, or by decreasing the photon lifetime. The differential gain coeffi-
cient (A) can be increased roughly by a factor of 5 by cooling the laser from room
temperature to 77 K [14]; even though this approach is hardly feasible in practice,
it can be used as a convenient means to verify the validity of (2.1), as shown in
Sect. 5.1.1. Biasing the laser at higher currents would increase the photon density
in the active region, which simultaneously increases the optical output power Iout

according to

Iout D 1

2
p0„! ln

1

R
: (2.2)

Short-wavelength lasers (GaAs/GaAlAs lasers) used in LAN data links can suffer
catastrophic damages of the mirror facet at about 1 MW cm�1. But long-wavelength
quaternary lasers used for metropolitan networks or for telecom do not suffer catas-
trophic mirror damages; but they do suffer from thermal-related effects that reduce
the modulation efficiency of the laser output, in addition to a reduction in differential
optical gain, in turn leading to a reduced modulation bandwidth.

The third way to increase the modulation bandwidth is to reduce the photon life-
time by decreasing the length of the laser cavity. Such a laser needs to be driven at
higher current densities, and thermal effects due to excessive heating will limit the
maximum attainable modulation bandwidth. To illustrate these tradeoffs, the relax-
ation frequency as a function of the cavity length and pump current density is plotted
in Fig. 2.2a using (2.1) together with the static solutions of (1.19) and (1.20). Also
plotted in Fig. 2.2 is the power density at the mirror using (2.2). As an example, a
common GaAs laser with a cavity of length 300�m operating at an output optical
power density of 0.8 MW cm�2 (close to catastrophic mirror damage, unless spe-
cial provisions are taken) possesses a bandwidth of 5.5 GHz, and the corresponding
pump current density is 3 kA cm�2. Operating at an identical power density, the
bandwidth is 8 GHz for a shorter laser with a cavity length of 100�m, but the cor-
responding current density is 6 kA cm�2. A higher current density alone may not
be a cause for rapid degradation of lasers. For example, lasers with increased opti-
cal damage threshold as described above can operate at increased current densities
without appreciable degradation of their reliability. Figure 2.2b shows similar plots
as in Fig. 2.2a but for a laser operating at liquid-nitrogen temperature. The increase
in bandwidth is a direct result of the increase in A. It can be seen that a modulation
bandwidth beyond 20 GHz can be achieved; however, the use of a short optical cav-
ity and/or incorporation of a “nonabsorbing window” structure is imperative under
these operating conditions.

Experiments have been performed to determine the modulation bandwidth attain-
able in a short-cavity laser. The lasers used were buried heterostructure lasers
fabricated on a semi-insulation substrate “BH on SI” [16]. In addition to a low
lasing threshold (typically �15mA), which is necessary to avoid excessive heat-
ing when operated at high above threshold, these lasers posses very low parasitic
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(From [15], ©1983 AIP. Reprinted with permission)

capacitance [17], which otherwise would obscure modulation effects at higher
frequencies (>5GHz). The lasers were mounted on a 50 Ω stripline. Microwave
s-parameter measurements show that electrical reflection from the laser diode
accounts to no more than a few dB (<5 dB) of variation in the drive current ampli-
tude over a frequency range of 0.1–8.5 GHz. A sweep oscillator (HP8350) was
used in conjunction with a network analyzer (HP8746B) to obtain the modulation
data. The photodiode used was a high-speed GaAs pin diode fabricated on semi-
insulating substrate. Its response was carefully calibrated from 0.1 to 10 GHz using a
step-recovery-diode excited GaAs laser, which produced optical pulses 25 ps in full
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width at half-maximum, as measured by standard nonlinear autocorrelation tech-
niques. The response of the diode to the optical pulse, recorded on the microwave
spectrum analyzer, is then deconvolved by the finite width of the optical pulse. The
observed modulation response of the laser is normalized by the photodiode response
at each frequency. Figure 2.3a, b show the CW light-versus-current characteristic of
a short-cavity (120�m) BH on SI laser, and the modulation responses at various
bias points as indicated in Fig. 2.3a are shown in Fig. 2.3b. The modulation band-
width can be pushed to beyond 8 GHz as the bias point approaches the catastrophic
damage level. Figure 2.4 shows the relaxation oscillation frequency of this laser
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120�m. Modulation characteristics of this laser at various bias points indicated in the plot are
shown in (b). (From [15], ©1983 AIP. Reprinted with permission)
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p
P0 where P0 is the CW output optical power. The points of a catastrophic damage

are indicated by downward pointing arrows. (From [15], ©1983 AIP. Reprinted with permission)

as a function of
p
P0, where P0 is the output power, together with that of simi-

lar lasers with longer cavity lengths. All lasers tested suffered catastrophic damage
within 6 and 8 mW/facet. The advantage of a short-cavity laser in high-frequency
modulation is evident.

It is clear, from the above theoretical and experimental results, that at least for
short-wavelength GaAs/GaAlAs lasers an ideal high-frequency laser should be one
having a short cavity with a window structure, and preferably operating at low tem-
peratures. This would shorten the photon lifetime, increase the intrinsic optical gain
and the internal photon density without inflicting mirror damage. An absolute mod-
ulation bandwidth (at the point of catastrophic failure) of >8GHz has already been
observed in a 120-�m laser without any special protective window structure at room
temperature. For reliable operation, however, the laser should be operated at only a
fraction of its catastrophic failure power. That fraction depends on the specific laser
structure and amounts to 1/2–1/3 for commercial devices of comparable construc-
tion [18]. This would place the useful modulation bandwidth of these short-cavity
BH on SI lasers between 4.6 and 5.7 GHz. The same laser at 77 K without a window
should have a modulation bandwidth of �12 GHz.



Chapter 3
Distortions in Direct Modulation
of Laser Diodes

3.1 Perturbation Analytic Prediction of Fundamental
Distortions in Directly Modulated Laser Diodes

For analog transmission systems, linearity is a prime parameter. In fiber optics sys-
tems, the general modulation responses of the laser diode are well known [19], and
their harmonic distortion characteristics have been theoretically analyzed [20–22].
This chapter describes a “perturbation” analytic approach for obtaining closed-form
solutions of harmonic distortions generated in the modulated optical intensity out-
put of a laser diode under a pure single-tone sinusoidal modulation. The predictions
are corroborated with experimental studies.

The approach described here is based on that described in [21, 23] and uses
Fourier series expansion to solve the nonlinear laser rate equations for the photon
density s and electron density n.

For the purpose of this analysis, absolute time scale is not important, and it is con-
venient to normalize the variables in (1.19) and (1.20). as follows: N is normalized
by .1=A�p/, P by .1=A�s/, t by �s , and J by .ed=A�s�p/.

With these normalizations, the rate equations (1.19) and (1.20) now assume a
simple dimensionless rate equation form

dN

dt
D J �N �NP �N; (3.1)

dP

dt
D �NP C ˇN; (3.2)

where � D �s=�p � 1;000 for a typical laser diode, the variables J , N , P , and t
are now dimensionless quantities.

Assuming the applied current J D J0 C j.t/ where the modulation current
j.t/ D 1

2
j1ei!t C 1

2
j �

1 e�i!t , this is followed by a “perturbation analysis”, called
so because the analysis involves the assumption that higher harmonics are much
weaker and thus can be derived from perturbations originating from products of
lower harmonic terms, as generated by the product of n and p (the stimulated emis-
sion term in the dimensionless simple rate equations (3.1) and (3.2)). This procedure

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 3,
© Springer-Verlag Berlin Heidelberg 2011

19



20 3 Distortions in Direct Modulation of Laser Diodes

gives the following results for the harmonic amplitudes [23]:

n1 D j1g.!/=f .!/; (3.3a)

s1 D �j1.s0 C ˇ/=f .!/; (3.3b)

nN D 1

2

 
N �1X
iD1

ni sN �i

!��g.N!/� �n0

f .N!/

�
; (3.3c)

sN D 1

2

 
N �1X
iD1

niSN �i

!���.s0 C ˇ/C �h.N!/

f .N!/

�
; (3.3d)

where

g.!/ D i! C �.1� n0/ (3.4a)

h.!/ D i! C .1C s0/ (3.4b)

f .!/ D h.!/g.!/C �n0.s0 C ˇ/ (3.4c)

where � is the ratio of the photon to spontaneous carrier lifetime (�103), and nN , sN
are the coefficients of the Fourier expansion of the normalized electron and photon
densities, respectively:

n D n0 C
X

k

�
1

2
nkeik!t C 1

2
n�

ke�ik!t

�
(3.5a)

s D s0 C
X

k

�
1

2
skeik!t C 1

2
s�

k e�ik!t

�
(3.5b)

where � represents complex conjugate. � is the ratio of the electron to photon life-
time, and ˇ is the familiar spontaneous emission factor. The factor f .!/ in (3.3a)
and (3.3b) gives rise to the Relaxation Oscillation (RO) resonance characteristic.
The Q-factor of this resonance is determined primarily by ˇ which, apart from its
formal definition as the spontaneous emission factor, can be fudged to account for
other physical mechanisms such as lateral carrier diffusion [24]. The factors f .N!/
in the expressions for higher harmonics indicates that the N th harmonic has N res-
onance peaks at frequencies !r=N , where !r � p

�.j0 � 1/ is the RO frequency.
The modulated output is, thus, especially rich in harmonic content at modulation
frequencies equal to submultiples of !r .

Figure 3.1 shows a plot of the harmonic distortion characteristics when “prefilter-
ing” is applied to the modulation current to compensate for the RO resonance, i.e.,
let j1 D Jf .!/ in (3.3) so that the first (fundamental) harmonic response is flat. The
parameters used are ˇ D 10�4, j0 D 1:6, � D 2;000, spontaneous lifetime D 3 ns,
and the modulation depth D 80%. It shows that the harmonic distortion is actually
worst not at the RO frequency, but at the submultiples of it.
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Since the same factor f .!/ giving rise to the RO resonance is also responsible
for the resonance peaks of higher harmonics, it follows that lasers having a high
RO resonanceQ-factor would have larger harmonic distortion. Indeed, this is what
is observed experimentally. Figure 3.2a shows experimentally measured harmonic
distortions for a proton-implant isolated stripe laser that has a relaxation oscillation
resonance at about 1.7 GHz in the small signal response; the peak of which is about
8 dB above the “baseband” (low frequency) value. The data was obtained with the
laser biased at 1:2� threshold, driven with a sweep oscillator to an optical modu-
lation depth of �70%. The drive amplitude is adjusted at different frequencies so
that the first harmonic response is constant (i.e., prefiltering of the current). The
detected output from the photodetector (rise time 100 ps) was fed into a microwave
spectrum analyzer. Figure 3.2b shows a similar plot for a TJS [25] laser, which has
no discernible resonance peak in the small signal response preceding the falloff at
1.8 GHz. The distortion characteristic contrasts sharply to that of Fig. 3.2a.

While the above results show that harmonic distortions are very significant when
modulated at frequencies above approximately 1/3 of the RO frequency, they never-
theless would not affect system performance in a significant way if the modulation
is band-limited to below the RO frequency (i.e., low-pass-filter the received optical
signal).
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Fig. 3.2 Measured harmonic distortions of lasers (a) with, and (b) without a prominent RO res-
onance; prefiltering is applied to the modulation current to keep the first harmonic constant at all
frequencies. (From [23], © 1980 Elsevier. Reprinted with permission)

In conclusion, an analytic approach is introduced in which the harmonic dis-
tortions in the intensity-modulated output of a laser diode due to a sinusoidal
modulating current is derived and compared favorably with measurements, yield-
ing the principal result that the strength of the relaxation oscillation resonance plays
a central role in harmonic distortions. These analytic results corroborate well with
measured data, lending credence to the analytic model, which then forms the basis
of analytic studies of intermodulation distortions in Sect. 3.2.

3.2 Intermodulation Distortion

In Chap. 2 where direct modulation of semiconductor lasers is described, it is found
that there are three key laser parameters of practical relevance that directly affect
the modulation bandwidth, namely, the differential optical gain constant, the photon
lifetime, and the internal photon density at the active region [15]. Successful tack-
ling of each of these three parameters led to the first semiconductor lasers with a
direct modulation bandwidth exceeding 10 GHz [26, 27] (Chap. 4). A direct modu-
lation bandwidth of >10GHz is now commonplace using advanced materials such
as strained-layer or quantum-confined media as the active lasing medium (Chap. 5).
One important application for multi-GHz bandwidth semiconductor laser is multi-
channel (RF) frequency division multiplexed transmission of analog or microwave
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signals, in addition to advanced military radar and antenna systems. The most sig-
nificant of these applications are successful commercial deployments of CATV
distribution networks, as well as broadband cable modem Internet access via Hybrid
Fiber Coaxial (HFC) cable plant. An obvious quantity of concern in these systems
is the nonlinear distortion characteristics of the laser, which accounts for the lion’s
share of distortions in a linear (aka analog) fiber optic link. Section 3.1 introduces a
perturbation analytic formulation for prediction of distortions in direct modulation
of laser diodes. This section uses that formulation to predict the fundamental third-
order intermodulation distortion in the intensity-modulated output of the laser diode.
It is well known that a well-behaved semiconductor laser (i.e., those with a linear
light–current characteristic without kinks and instabilities above lasing threshold)
exhibits very little nonlinear distortion when modulated at low frequencies (below
a few tens of megahertz) [22]. This is to be expected since at such low modulation
speed, the laser is virtually in a quasi-steady state as it ramps up and down along
the (linear) light–current curve, and consequently the linearity of the modulation
response is basically that of the CW light–current characteristic, which is excellent
in well-behaved laser diodes. Measurements and analysis have shown that second
harmonic distortions of lower than �60 dB can be readily accomplished at the low-
frequency range [27]. However, it was also shown that as the modulation frequency
increases, the harmonic distortions increase very rapidly – at modulation frequen-
cies above 1 GHz, the second and third harmonics can be as high as �15 dBc at a
moderate optical modulation depth (�70%) [20, 21, 23]. These results can be well
explained by a perturbation analytic solution of the nonlinear laser rate equations,
which describes the interaction of photon and electron fluctuations – specifically
the nonlinear product term of the electron and photon densities due to stimulated
emission as the origin of the large harmonic distortions observed at high frequen-
cies. In most multichannel signal transmission systems where baseband signals from
different channels are modulated onto a number of well-separated high-frequency
carriers, second (or higher order) harmonic distortions generated by signals in a
channel are actually of little concern, since they generally do not fall within the fre-
quency band of where the carriers are located, unless the carriers span more than a
decade in frequency. The relevant quantity of concern under those circumstances is
the third-order intermodulation (IM) product of the laser transmitter: two signals at
frequencies !1 and !2 within a certain channel can generate intermodulation prod-
ucts at frequencies 2!1 �!2 and 2!2 �!1 will fall on another channel, thus causing
cross-channel interference. This is known as Intermodulation Distortion (IMD).
Relevant questions include the dependence of IM products on modulation depth,
signal frequencies, magnitude of relaxation oscillation, etc. These are the topics of
consideration in this section.

IMD characteristics of high-speed laser diodes capable of direct modulation at
multigigahertz frequencies have been studied both theoretically and experimentally
[28]. These results are described below. The experimental study consists of mod-
ulating the lasers with two sinusoidal signals, 20 MHz apart, and observing the
various sum, difference, and harmonic frequencies thus generated. The major distor-
tion signals considered here are shown in Fig. 3.3. The principal distortion signals
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Fig. 3.3 Illustration of sidebands and harmonics generated by a two-tone modulation of a laser
diode. This simulates narrowband transmission at a high carrier frequency. (From [28], © AIP
1984. Reprinted with permission)

of practical concern, as mentioned above, are the third order IM products, at fre-
quencies 2!1 � !2 and 2!2 � !1. The various distortion signals are systematically
studied as one varies the frequency (!) of the modulating signals (the two signals
being ! and !C2��20MHz), the optical modulation depth (OMD), and laser bias
level. The OMD is defined as B=A, where B is half of the peak-to-peak amplitude
of the modulated optical waveform and A is the optical output from the laser at the
dc bias level. The major observed features are summarized below:

(a) At low modulation frequencies (a few hundred MHz), all the lasers tested
exhibit very low IM products of below �60 dBc (relative to the signal ampli-
tude) even at an OMD approaching 100%.

(b) Second harmonics of the modulation signals increase roughly as the square of
OMD, while the IM products increase as the cube of OMD.

(c) The relative amplitude of the IM product (relative to the signal amplitude)
increases at a rate of 40 dB/decade as ! increases, reaching a plateau at one half
of the relaxation oscillation frequency, and picks up the 40 dB/decade incre-
ment as ! exceeds the relaxation oscillation frequency. A typical value of the
IM product at the plateau is �50 dBc at an OMD of 50%.

(d) In some lasers, the IM product may show a peak at one half of the relaxation
oscillation frequency. The magnitude of this peak is found to roughly cor-
respond to the magnitude of the relaxation oscillation resonance peak in the
small-signal modulation response of the laser.

Figure 3.4 shows the IM and harmonic distortions of a high-frequency laser
diode under the two-tone modulation as described above, at ! D 2� � 3GHz,
at various OMDs. The relaxation oscillation frequency of this laser is at 5.5 GHz.
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Fig. 3.4 Measured
harmonics and IM products
generated in a high-speed
laser diode under two-tone
modulation. The two tones
are 20 MHz apart and
centered at �3GHz. (From
[28], © AIP 1984. Reprinted
with permission)

OMD

40%

67%

>100%

Fig. 3.5 Plots of second
harmonic and third-order IM
amplitudes (relative to the
signal amplitude) as a
function of optical
modulation depth (OMD),
with the signal frequency at
2 GHz. Experimental data
points obtained with a
high-frequency laser diode
are also shown. (From [28],
© AIP 1984. Reprinted with
permission)
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The observed data of IM and second harmonic as functions of OMD and ! are
plotted in the graphs in Figs. 3.5 and 3.6, respectively; the various curves in those
graphs are from theoretical calculations as described below. The analytical results,
based on the simplest rate equation model, can explain the above-observed features
very well.

The spirit of the analysis follows closely that employed in the previous harmonic
distortion perturbation analysis. One starts out with the simple rate equations and
assumes that the harmonics are much smaller than the fundamental signals. The
photon and electron fluctuations at the fundamental modulation frequency are, thus,
obtained with a standard small-signal analysis, neglecting terms of higher harmon-
ics. The fundamental terms are then used as drives for the higher harmonic terms.
In IM analysis where more than one fundamental drive frequencies are present, one
can concentrate on the distortion terms as shown in Fig. 3.3. One can assume the fol-
lowing: the amplitudes of the fundamental terms .!1; !2/ � those of second-order
terms .2!1; 2!2; !1 ˙ !2/ � those of third-order terms .2!1;2 � !2;1/. The per-
turbative analysis then follows in a straightforward manner. Denote the steady-state
photon and electron densities by P0 and N0, and the fluctuations of the photon and
electron densities by lower case n and p at a frequency given by the superscript.
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Fig. 3.6 Plots of third-order IM amplitudes (relative to the signal amplitude) as a function of signal
frequency, at an OMD of 80%. (From [28], © AIP 1984. Reprinted with permission)

Table 3.1 Driving terms of the various harmonic and IM signals

! D.!/ G.!/

!1;2 j1;2 0
2!1;2

1
2
n!1;2p

!1;2

!1 � !2
1
2
Œn!1 .p!2 /� C p!1 .n!2 /��

!1 C !2
1
2
.n!1p!2 C p!1n!2/ same as D.!/

2!1 � !2
1
2
Œn2!1 .p!2 /� C p2!1 .n!2 /� C n!1�!2p!1 C p!1�!2n!1 �

2!2 � !1 interchange !1 and !2 above

For each of the eight frequency components shown in Fig. 3.3, the small-signal
photon and electron-density fluctuations are given by the following coupled linear
equations:

i!n! D �.N0p
! C P0n

! C n! CD!/; (3.6a)

i!p! D �.N0p
! C P0n

! � p! C ˇn! CG!/; (3.6b)

The driving terms, D! and G! , are given in Table 3.1 for each of the eight fre-
quency components. The quantities j1, j2 are the modulating currents at frequencies
!1 and !2. The quantities � and ˇ in (3.6) are the ratio of the carrier lifetime to
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photon lifetime and the spontaneous emission factor, respectively. The !s in (3.6)
are normalized by l=�s where �s is the carrier lifetime and the ns, ps, and j s are
normalized in the usual fashion as outlined at the beginning of Sect. 3.1. One can
solve for the ns and ps at each of the eight frequency components. To simplify the
algebra, one can consider a practical case of transmission of a single channel in a
narrowband centered on a high-frequency carrier, as diagrammatically depicted in
Fig. 3.3. Specifically, the following is assumed:

(a) !1 D !c � 1
2
�!, !2 D !c C 1

2
�!, �! � !c , !c is the center frequency of

the channel.
(b) ˇ � 1; 1 �N0 � ˇ.

The first assumption implies that the carrier frequency !c is much higher than �!.
The second assumption is based on the fact that ˇ . 10�3 and on the clamping of
steady-state electron density when the laser is above lasing threshold as explained
at the beginning of Chap. 2. The amplitudes of the eight frequency components of
Fig. 3.3 are as follows:

p!1;2 D j1;2=f .!c/; (3.7)

where f .!/ takes the form of 1C i!=!0Q C .i!=!0/
2, where !0 D p

�P0 is the
dimensionless (normalized to 1=�s) relaxation oscillation frequency, andQ depends
on, among other things, ˇ and the bias level;

p2!1;2 D .i!c/
2j 2

1;2=�P
2
0 f .2!c/; (3.8)

p�! D ij1j
�
2 �!=�P

2
0 ; (3.9)

p!1C!2 D ij1j2.2!c/
2=�p2

0f .2!c/; (3.10)

p2!1�!2 D �1
2

ij 2
1 j

�
2 !

2
c .!

2
c C �P0/

�2P 3
0 f .2!c/

: (3.11)

Taking j1 D j2 D j , the relative second harmonic (p2!1;2=p!1;2 ) and inter-
modulation (p2!1�!2=p!1;2 ), as given in (3.7), (3.8), and (3.11), are plotted in
Fig. 3.5 as a function of the OMD (D2j=p0), at a signal frequency of 2 GHz (i.e.,
!c=�s D 2� � 2GHz). The data points shown are obtained with a high-speed laser
diode with the relaxation oscillation frequency at 5.5 GHz. The amplitude of the
IM signal (3.11) is plotted in Fig. 3.6 as a function of carrier frequency !c , at a
fixed OMD of 80%, assuming !0=�s D 2� � 5:5GHz. The IM characteristics at
other values of OMD can be obtained by shifting the curve of Fig. 3.6 vertically
by an amount as given in Fig. 3.5. The values of other parameters are �s D 4 ns,
�p D 1 ps. The actual small-signal modulation response of the lasers tested showed
almost no relaxation oscillation resonance, and the value of Q was taken to be
1 accordingly. The general trend of the experimental data agrees with theoretical
predictions quite well.
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The above results are significant in that:

(a) The linearity of the CW light–current characteristic (as well as distortion mea-
surements at low frequencies) are not reliable indications of the IM performance
at high frequencies.

(b) Although the IM product initially increases at a rapid rate of 40 dB/decade as
the modulation frequency is increased, it does plateau to a value of � � 45 dBc,
which is satisfactory for many applications, including, for instance, television
signal transmission.



Chapter 4
Direct Modulation Beyond X-Band
by Operation at High Optical Power Density

According to (2.1), the modulation bandwidth of a laser diode is proportional to the
square root of the internal photon density, which is proportional to the output optical
power density. For GaAs lasers commonly used in short-distance data communica-
tion links, increasing the optical power density can bring about undue degradation
or even catastrophic failure of the laser unless the structure of the laser is suitably
designed. One common approach to raising the ceiling of reliable operating power
of semiconductor lasers is by means of a large optical cavity [29]. The mechanism
responsible for a higher catastrophic damage power in these devices is by lower-
ing the optical power density at the active layer, since such damage commonly
originates from the active layer near the crystal facet. This maneuver, however,
serves little to increase the modulation bandwidth because the quantity of concern
here, the photon density within the active region [P0 in (2.1)], remains unchanged.
A laser suitable for high-speed operation should, therefore, be one with a tight opti-
cal confinement in the active region along the entire length of the laser, with a
transparent window at the end regions capable of withstanding a high optical power
without catastrophic damage. The use of a transparent window structure to increase
the catastrophic damage level has already been demonstrated before [30, 31]. The
experiments described in this chapter serve more to illustrate the basic principle
of laser modulation than anything else, since in practice most lasers used for com-
munications are of the long-wavelength type (constructed of quaternary compound
semiconductors, which do not suffer catastrophic mirror damage at high power den-
sities), although they do suffer excessive heating effects and a concomitant drop
in modulation efficiency. Hence, the pathway to obtaining truly outstanding high-
speed behavior must be through other means. These aspects are discussed in Chap. 5.
Nevertheless, the dependence of modulation speed on internal photon density can
be independently illustrated with a “window” buried heterostructure laser fabricated
on a semi-insulating substrate; this laser is basically identical to that described in
Chap. 2, except for a “transparent window” region at the end facets, which renders
the laser immune to catastrophic mirror damage. In this manner, a direct compar-
ison can be made, and the photon density dependence is clearly illustrated. This
laser served as a vehicle for the landmark demonstration [27] of the possibility of
a laser diode possessing a baseband bandwidth beyond 10 GHz operating at room
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Fig. 4.1 Schematic diagram of a window buried heterostructure laser on a semi-insulating
substrate. (From [27], ©1984 AIP. Reprinted with permission)

temperature – the figurative “four-minute mile” as far as direct laser modulation is
concerned.

The laser used in this experiment is shown schematically in Fig. 4.1. The device
is structurally similar to the buried heterostructure laser on semi-insulating substrate
as reported in [16] (Chap. 2), except that here the end regions near the facets are cov-
ered by a layer of unpumped GaAlAs, which forms a transparent window. A precise
cleaving technique results in the facet within several microns from the edge of the
double heterostructure. The optical wave propagates freely in the transparent-end
window region. As a result of diffraction, only a small amount of light reflected
from the crystal facet couples back into the active region. This reduces the effective
reflectivity of the end mirrors of the laser. The exact value of the effective reflec-
tivity depends on the length (L) of the window region. The theoretical value of the
effective reflectivity, assuming a fundamental Gaussian beam profile, is reduced to
5% for L D 5�m. The actual values of L for the devices fabricated lie around this
value. It has been predicted theoretically [13] and demonstrated experimentally [32]
that in the modulation characteristics of a laser with a reduced mirror reflectivity,
the relaxation oscillation resonance is suppressed. This feature, as shown in what
follows, is demonstrated by the present device.

The CW light-versus-current characteristic of a window laser is shown in
Fig. 4.2. The threshold current of these devices ranges from 14 to 25 mA. The thre-
shold transition is softer than a regular laser of the same structure, which is a direct
result of the reduced reflectivity as described before [13, 32]. The catastrophic
damage threshold in these devices is beyond 120 mW under pulse operation. Under
CW operation, the maximum operating power is limited by heating to 50 mW.
The microwave modulation characteristics of the devices were measured with a
standard experimental arrangement as shown in Fig. 4.3. The photodiode used was
an improved version of the one reported in [15, 33] and was fully calibrated up to
15 GHz by recording the output signal on a microwave spectrum analyzer when the
photodiode is illuminated by a picosecond mode-locked dye laser. The electrical
system was calibrated up to 15 GHz by removing the laser and photodiode and
connecting point A directly to point B as shown in Fig. 4.3. In this way, every
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Fig. 4.2 CW
light-versus-current
characteristics of a window
buried heterostructure laser
on a semi-insulating
substrate. (From [27], ©1984
AIP. Reprinted with
permission)
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single piece of electrical cable and connector, each of which will contribute at least
a fraction of a dB to the total system loss at frequencies as high as 10 GHz, can
be accounted for. The modulation data are first normalized by the electrical system
calibration using a storage normalizer and are then normalized by the photodi-
ode response. The normalized modulation response of a window laser is shown in
Fig. 4.4a, at various bias optical power levels. The conspicuous absence of the relax-
ation oscillation peak should be contrasted with the responses of similar devices
that are capable of being modulated to comparably high frequencies (�10GHz),
examples of which are a short-cavity version of the present device without a win-
dow (Chap. 2), or a regular device operating at low temperature (Chap. 5). In both
of the latter instances, a strong resonance occurs when the frequency of the reso-
nance is below �7–8 GHz, while the effect of parasitic elements is at least partially
responsible for the reduction of the resonance amplitude at higher frequencies. The
absence of relaxation oscillation in the window BH on SI lasers at all bias levels
can be due to superluminescent damping effect due to the presence of the window,
explained in detail in Appendix D. A plot of the �3 dB modulation bandwidth of
the window buried heterostructure laser against the square root of the bias optical
power is shown in Fig. 4.4b. Contributions from parasitic elements are believed to
be at least partly responsible for the departure of the observed data from a linear
relationship at high frequencies.

In conclusion, it was demonstrated that it is fundamentally feasible to directly
modulate a semiconductor laser at frequencies beyond 10 GHz with the laser operat-
ing at room temperature. This work, together with the experimental work described
in Chaps. 2 and 5, completes the verification of the modulation bandwidth depen-
dence on three fundamental laser parameters as given in (2.1). It is worth noting that
while the laser described in this chapter is a GaAs laser, it is:

(a) Not at the optimal operating wavelength for long-distance fiber transmission
(even though it is used for local area networks and optical interconnections
between and within computers).

(b) Subjected to catastrophic mirror damage common to lasers with GaAs as active
region material.

Standard telecommunication lasers constructed from quaternary compounds do not
suffer from catastrophic mirror damage, even though the maximum operating power
of those lasers is limited by thermal effects instead. All directly modulated high-
speed laser transmitters today, which operate in the immediate distances within the
metropolitan area, are constructed from quaternary semiconductor materials in the
1.3-�m wavelength region. The principles illustrated in this chapter apply well for
direct modulation bandwidth limits in general.



Chapter 5
Improvement in Direct-Modulation Speed
by Enhanced Differential Optical Gain
and Quantum Confinement

Chapter 2 describes the basic intensity modulation dynamics of semiconductor
lasers in general and in a most fundamental way – by proper bookkeeping of elec-
trons and photons flowing in and out of the laser active region; the basic result is
encapsulated in the very simple formula (2.1). This result, first published in 1983
[15], is of fundamental importance in studies of direct-modulation properties of
semiconductor lasers.

In particular, the hitherto unclear role of differential optical gain was clearly
captured, which pointed to the fact that the direct-modulation speed of laser diodes
can be improved by engineering the gain-medium material properties. However,
due to the fact that the differential gain is a basic property of the gain material,
the explicit dependence of the relaxation oscillation frequency on differential gain
cannot be easily verified experimentally, since comparing different material systems
may involve a multitude of factors. As an affirmative verification of the validity of
this relationship, Lau et al. [26] measured the modulation bandwidth of the same
laser diode at various low temperatures to increase the differential gain of the device
while keeping other material parameters and device structures unchanged and, as
such clearly demonstrated this effect. This result was further corroborated by an
elegant experiment by Newkirk and Vahala [34]. These results are illustrated in
Sects. 5.1.1 and 5.1.2.

5.1 Demonstration of the Explicit Dependence
of Direct-Modulation Bandwidth on Differential
Gain by Low-Temperature Operation

5.1.1 Direct-Modulation Results

Described in the following sections are experimental results on direct amplitude
modulation of low-threshold GaAs/GaAlAs buried-heterostructure lasers fabricated
on semi-insulating substrates [16], operating at below room temperature. These
results show that a direct-modulation bandwidth of beyond 10 GHz is attainable

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
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in laser diodes operating at modest optical power levels. However, more significant
is the fact that this experiment establishes the dependence of relaxation oscillation
frequency on an intrinsic laser material parameter – the differential optical gain.

The laser is mounted on a specially designed microwave package in thermal
contact with a cold finger. The entire fixture resides in an enclosure in which
room-temperature dry nitrogen circulates continuously (to keep out moisture).
A thermocouple in close proximity to the laser records the actual operating temper-
ature, which can be varied from �140ıC to room temperature. The laser emission
is collected by a 20� objective lens from a window in the enclosure and is focused
on a high-speed GaAlAs pin photodiode. The photodiode is an improved version of
the one described in [33], the frequency response of which was calibrated from DC
to 15 GHz using a mode-locked dye laser and a microwave spectrum analyzer. The
�3 dB point of the photodiode response is at 7 GHz and the �5 dB point at 12 GHz.

The light-versus-current and current-versus-voltage (I-V) characteristics of a
175-�m-long laser at various temperatures are shown in Figs. 5.1a and 5.1b. The
lasing threshold current at room temperature is 6 mA, dropping to �2mA at �70ıC.
The I-V curves reveal a drastic increase in the series resistance of the laser below
� � 60ıC. This is believed to be due to carrier freeze-out at low temperatures since
the dopants used, Sn (n type) and Ge (p type) in GaAlAs, have relatively large ion-
ization energies. Modulation of the laser diode becomes very inefficient as soon as
freeze-out occurs because of a reduction in the amplitude of the modulation current
due to a higher series resistance.

The frequency response of the lasers was measured using a sweep oscillator
(HP8350) and a microwave s-parameter test set (HP8410, 8746). Figure 5.2 shows
the response of a 175-�m-long laser at �50ıC, at various bias levels. The responses
shown here have been normalized by the pin photodiode frequency response. The
relaxation resonance is quite prominent at low optical power levels. As the optical
power is increased, the resonance gradually subsides, giving way to a flat over-
all response. The modulation bandwidth, taken to be the corner frequency of the
response (i.e., the frequency at the relaxation oscillation peak or at the �3 dB point
in cases when it is absent), is plotted against the square root of the emitted optical
power (

p
P ) in Fig. 5.3, at room temperature and at �50 and �70ıC.

Since, according to (2.1), the corner frequency is directly proportional to
p
A

where A is the differential optical gain, the relative slopes of the plots in Fig. 5.3
thus yield values for the relative change in A as the temperature is varied. The ratio
of the slope at 22ıC to that at �50ıC is 1.34 according to Fig. 5.3. This factor is
fairly consistent (between 1.3 and 1.4) among all the lasers tested, even including
those from different wafers. According to these measurements, it can be deduced
that the intrinsic differential optical gain of GaAs increases by a factor of �1:8
by cooling from 22 to �50ıC, assuming that the photon lifetime does not change
with temperature. To check whether this result is consistent with previously cal-
culated values, Fig. 3.8.2 in [35] can be consulted, in which the calculated optical
gain is plotted against the carrier density for various temperatures. The differential
gain coefficient A is the slope of the gain-versus-carrier concentration plots. From
these theoretical results, the ratio of A at 160 K to that at 300 K is 2.51. A simple
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Fig. 5.1 (a) Light-
versus-current characteristics
of a 175�m laser at various
temperatures; (b) I-V
characteristics of the same
laser. (From [26], © 1984
AIP. Reprinted with
permission)
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linear interpolation yields an increase by a factor of 1.87 for A at 223 K (�50ıC)
over that at 300 K. This is consistent with the value obtained from the modulation
measurements described above.

While the above experiment clearly demonstrates the dependence of relaxation
oscillation frequency on differential optical gain, increased junction resistance at
low temperatures introduces very large electrical parasitic effects that could cam-
ouflage improvements in modulation response. In the next section, an elegant
parasitic-free modulation method is described, which circumvents this limitation
and unequivocally proves the explicit dependence of relaxation oscillation fre-
quency on differential optical gain. This constitutes the basis of understanding
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Fig. 5.2 Modulation response of a 175-�m buried-heterostructure laser on semi-insulating
substrate operating at �50ıC. (From [26], © 1984 AIP. Reprinted with permission)

of superior high-speed direct-modulation properties of advanced lasers such as
quantum-confined and strained-layer lasers.

A very important aspect of the lasers used in the above experiments is their
fabrication on semi-insulating substrates, which substantially lowers the parasitic
capacitance of the laser – which has been shown to be the most damaging parasitic
element in high-frequency modulation [36]. In the lower GHz range, it is a gen-
eral and consistent observation that the modulation response of these lasers does
not exhibit any dip as observed in other lasers [12]. Measurements of the electrical
reflection coefficient (s11) from the laser gave indications that effects due to par-
asitic elements are appreciable at modulation frequencies above 7 GHz. This can
account for the absence of a resonance peak in the modulation response at high
optical powers (Fig. 5.2) and for the slight discrepancy between the measured and
the predicted at the high-frequency end (Fig. 5.3). The importance of minimizing
parasitic elements by suitable laser design in attempting modulation at frequencies
as high as 10 GHz cannot be overstated.

5.1.2 Parasitic-Free Photo Mixing Modulation Experiment

While the low-temperature experiments described in Sect. 5.1.1 clearly demon-
strates the dependence of relaxation oscillation frequency on differential optical
gain, the high series resistance encountered at low temperature impeded collection
of clean data. This problem was circumvented by a subsequent, elegant modula-
tion technique demonstrated by Newkirk and Vahala [34], which involves directly
modulating the carrier density in the active region of the laser diode by illuminating
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Fig. 5.3 Variation of
modulation bandwidth
(corner frequency of the
modulation response) with
the square root of the emitted
optical power
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the active region of the test laser diode with two CW laser beams that are slightly
detuned (and continuously tunable) in their optical frequencies. The carriers in the
active region of the test laser diode are, thus, directly modulated at the difference
frequency of the two illuminating beams, which can be varied over an extremely
wide range unimpeded by parasitic effects induced by a high series resistance at
low temperature. The modulation response data shown in (Fig. 5.4) [34] are, thus,
extremely clean and approaches ideal; these data obtained at temperatures down
to liquid-helium temperature validates convincingly the theoretical result for direct
modulation bandwidth of laser diodes (2.1).

While operating a laser diode at close to liquid-nitrogen [26] or liquid-helium
[34] temperatures as described above clearly illustrates the basic physics of high-
speed modulation behavior of semiconductor lasers, it is obviously not practical to
do so under most circumstances. To this end, a laser diode capable of high-speed
operation under “normal” conditions is much desirable. This calls for advanced
materials that possess a high differential optical gain at room temperature. Two
such existing examples are quantum-confined media and strained-layer medium
[37]. Section 5.2 briefly describes investigations in quantum-confined media by
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Fig. 5.4 Measured modulation response by parasitic-free photo mixing technique at three
temperatures. (From [34], © 1989 AIP. Reprinted with permission)

Arakawa, Vahala, and Yariv who first predicted theoretically and articulated clearly
[38] that quantum confinement could play an enabling role in enhancing differen-
tial gain. Additionally, the impact of quantum confinement on the ˛-factor, which
is inversely proportional to differential gain, was clearly identified by these authors
and was shown to dramatically improve other dynamic properties such as FM/IM
ratio (chirp), which determines spectral purity of a single-frequency laser (such as
a distributed feedback laser prevalent in telecommunication these days) under mod-
ulation. This again affirmed the critical importance of achieving high differential
gain for high-performance lasers. Interested readers are referred to [37] for a parallel
treatment regarding strained-layer-laser physics and performances.

5.2 Attainment of High-Modulation Bandwidths
Through Quantum-Confined Materials

The relation (2.1) clearly illustrates the significant role optical gain, or differen-
tial optical gain – to be precise, plays in the modulation speed of a laser diode.
The differential optical gain in a quantum-confined medium (aka lower dimensional
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Fig. 5.5 Square of resonance frequency versus output power. (From [34], © 1989 AIP. Reprinted
with permission)

material) can be increased significantly over that of a bulk semiconductor material.
The optical gain in a medium is directly related to electron (hole) occupation of
available states in the material; the latter, known as “density of states” (“DOS”) is
significantly different in 3-dimensional (3D) from that of 2D, 1D, or 0D. 3D materi-
als do not confine the motion of electrons or holes in any direction and are popularly
known as “bulk materials”; 2D materials confine the motion of electrons or holes in
a plane and are popularly known as “quantum well (QW) materials”; 1D materials
confine the motion of electrons in a line and are popularly known as “quantum wire”
(Q-Wi) materials 0D materials do not allow kinetic motion of the electrons at all and
are popularly known as “quantum dot” (QD) materials.

It should be noted that while quantum well lasers [39] were an area of intense
interest and investigation for quite some time, albeit principally for producing low
lasing threshold property, owing to its unique DOS, the role of DOS in enhancing
dynamical properties had not been addressed coherently before the publication of
[38], which predicted the effect of quantum confinement on the enhancement of
relaxation oscillation frequencyfr and the reduction of ˛-factor, the latter a measure
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Fig. 5.6 Predicted ˛ and fr
as a function of wire width
for a quantum wire laser.
(From [38], © 1984 AIP.
Reprinted with permission)
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of wavelength “chirping” under direct modulation. The principal result of this work
is summarized in Fig. 5.6 in which fr and ˛ are plotted as a function of wire width
for a quantum wire medium, and as the wire width is reduced, the modification in
density of states produces an enhancement in fr and a reduction in ˛. This important
publication pointed the way to continued improvements beyond quantum wells with
quantum wires and dots, an area that is now poised for high impact for the same
reasons.

While the superior dynamic characteristics of quantum-confined lasers have been
predicted as described in [38] (Fig. 5.6), their realization requires fabrication of
structures of sizes comparable to the electronic wave-function to provide quantum
confinement of electrons and holes in 1, 2, or 3 dimensions. These structures are
difficult to fabricate due to their small physical dimensions; it is only relatively
recently that Q-Wi and QD lasers have been realized and still not yet operating at
the performance level where consistent high-speed modulation data could be taken.
(So far, measurements on these low-dimensional quantum confined lasers have con-
centrated on lasing thresholds and their temperature dependence only. An early
independent verification of the beneficial dynamic effects of low-dimensional quan-
tum confinement was carried out by Arakawa, Vahala, Yariv, and Lau [40] in which
quantum confinement was created experimentally with a large magnetic field for
quantum-wire behavior due to quantized cyclotron orbits. This experiment took on
quite a similar flavor as the earlier low-temperature experiments by Lau and Vahala
(Sects. 5.1.1 and 5.1.2), in that the same device was used to demonstrate the intended
effects without having to account for uncertainties from comparing experimental
results of devices prepared from different material systems originating in different
apparatuses. This indeed was shown to produce the density-of-states modifications
associated with quantum confinement, in turn yielding the associated enhancements
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in differential gain, that in turn produced the predicted, and experimentally demon-
strated, enhancements in modulation bandwidth, as shown in Fig. 5.7 [40]. It is,
thus, expected that continued improvements in nanofabrication technologies that
result in consistent and reliable low-dimensional quantum-confined lasers can bring
about high-frequency directly modulated broadband optical transmitter, capable of
operating in the millimeter wave-frequency range without resorting to narrowband
schemes such as resonant modulation, described in Part II of this book.

Quantum well lasers now dominate the telecommunications laser market in long-
and intermediate-reach systems. This is due to the most important and fundamental
benefits relating to the dynamical properties enabled by the high differential gain
(dG=dn) of these lasers, resulting in a high modulation bandwidth at modest powers
and low chirp under modulation.

The basic principle of optical gain in lower-dimensional materials is outlined as
follows: the optical gain in a material is directly related to electron (hole) occupation
of available states in the material; the latter, known as “density of states” (“DOS”)
is significantly different in 3-dimensional (3D) from that of 2D, 1D, or 0D; 3D
materials do not confine the motion of electrons or holes in any direction and are
popularly known as “bulk materials”; 2D materials confine the motion of electrons
or holes in a plane and are popularly known as “quantum well (Q-W) materials”; 1D
materials confine the motion of electron or holes in a line and are popularly known as
“quantum wire (Q-Wi) materials”; 0D materials do not allow freedom of motion at
all for electron or holes and are popularly known as “quantum dot (Q-D) materials”.
The respective DOS of these materials can then be used to compute the optical

0 1 2 3 4 5

2

4

6

8

B = 0 Tesla

B = 20 Tesla

T = R.T.

R
es

on
an

ce
 F

re
qu

en
cy

f r 
(G

H
z)

Square Root of Output Power     P0

(Arbitrary Units)

Fig. 5.7 Variation of relaxation oscillation frequency (modulation bandwidth) of a standard DH
laser in a magnetic field which provides 1-D quantum confinement (Q-Wi) effect. (From [40],
© 1985 AIP. Reprinted with permission)
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gain (G.n/) as a function of electron density (n), thus deriving the “differential
optical gain” (dG=dn). For a detailed treatment of these computations and results,
see [38]. A summary of the results is shown in Fig. 5.6 in which the relaxation
oscillation frequency and ˛-parameter of the laser; the latter is a measure of the
spectral broadening (chirp) of the laser emission under modulation and hence is
related to the transmission distance of the signal in a dispersive optical fiber.

The superior dynamic characteristics of quantum-confined lasers have been
predicted as described above and well documented, but their realization require fab-
rication of structures of sizes comparable to the electronic wave-function, which
provide quantum confinement of electrons and holes in 1, 2, or 3 dimensions.
These structures are difficult to fabricate due to their small physical dimensions;
it is only relatively recently that Q-Wi and QD lasers have been realized, and still
not yet operating at the performance level where consistent high speed modula-
tion data can be taken. (So far, measurements on these low-dimensional quantum
confined lasers have concentrated on lasing thresholds and their temperature depen-
dence only. An early independent verification of the beneficial dynamic effects of
low-dimensional quantum confinement was carried out by Arakawa, Vahala, Yariv,
and Lau [40] in which quantum confinement was created experimentally with a
large magnetic field for quantum-wire behavior due to quantized cyclotron orbits
or Landau levels. This experiment took on quite a similar flavor as the earlier
low-temperature experiments by Lau and Vahala (Sects. 5.1.1 and 5.1.2), in that
the same device was used to demonstrate the intended effects without having to
account for uncertainties from comparing experimental results of devices prepared
from different material systems originating in different apparatus. This indeed was
shown to produce the density-of-states modifications associated with quantum con-
finement, in turn yielding the associated enhancements in differential gain, that in
turn produced the predicted, and experimentally demonstrated, enhancements in
modulation bandwidth, as shown in Fig. 5.7 [40]. It is, thus, expected that contin-
ued improvements in nano-fabrication technologies which result in consistent and
reliable low-dimensional quantum-confined lasers can bring about high-frequency
directly modulated broadband optical transmitter, capable of operating in the mil-
limeter wave-frequency range without resorting to narrowband schemes such as
resonant modulation, described in Part II of this book.



Chapter 6
Dynamic Longitudinal Mode Spectral Behavior
of Laser Diodes Under Direct High-Frequency
Modulation

6.1 Introduction

The steady-state longitudinal-mode spectrum of semiconductor lasers has been
extensively studied, and major observed features can be understood in terms of
modal competition in a common gain reservoir. It was generally agreed that gain
saturation in semiconductor lasers is basically homogeneous. Thus, a well-behaved
index-guided laser should oscillate predominantly in a single-longitudinal mode
above lasing threshold [41,42]. This has been verified extensively in lasers of many
different structures. It was also recognized that a single-mode laser will not remain
single-moded during turn-on transients and high-frequency modulation. This can be
predicted theoretically from numerical solutions of the multimode rate equations
[43]. The optical spectrum of a semiconductor laser during excitation transient has
been observed by many researchers [44–50]. It was generally observed that when
a laser is biased at a certain dc current and excited by a current pulse, the relative
amplitude of the longitudinal modes at the beginning of the optical pulse is essen-
tially identical to the prepulse distribution. Depending on the laser structure, it will
take �0:5–5 ns for the laser to redistribute the power in the various longitudinal
modes to that corresponding to the CW spectrum at the peak of the current pulse.
A simple analysis [51] showed that during the switch-on of lasing emission, the ratio
of the power in the i th mode to that in the j th longitudinal mode is given by

si .t/

sj .t/
D si .t D 0/

sj .t D 0/
exp.Gi �Gj /t; (6.1)

where Gi D gi˛ is the optical gain of the i th mode, gi is commonly represented by
a Lorentzian distribution,

gi D 1

1C bi2
(6.2)

and ˛ is the gain of mode 0, which is assumed to be at the peak of the optical gain
curve. In common semiconductor laser devices where the entire gain spectrum spans
over several hundred angstroms, the value of b, which is a measure of the amount of
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mode selectivity, is quite small and is in the order of 10�4, according to (6.1), leads
to a long time constant for the different modes to settle to their steady amplitudes.
An approximation used in deriving (6.1) is that spontaneous emission is neglected.
It should be noted that within this approximation, (6.1) is applicable regardless of
whether the total photon density undergoes relaxation oscillation or not, as can be
seen from a careful examination of its derivation [51].

While (6.1) gives a fairly good description of the spectral behavior of lasers under
step excitation, it cannot be used when the modulation current takes on a form other
than a step. The reason is that while deriving (6.1), spontaneous emission was omit-
ted, and consequently as t ! 1, it predicts that only one mode can oscillate and
that the amplitudes of all other modes decay to zero, regardless of starting and final
pumping conditions. Therefore, it cannot be used to describe the lasing spectrum
of a laser modulated by a series of current pulses. Moreover, it cannot be used to
explain the lasing spectrum of a laser under high-frequency continuous microwave
modulation. Previous experiments have shown that when microwave modulation is
applied to an otherwise single-mode laser, the lasing spectrum will remain single-
moded unless the optical modulation depth exceeds a certain critical level [52].
There was no systematic experimental study of how that critical level depends on
the properties of the laser diode and modulation frequency; neither was there an
analytical treatment of the phenomenon.

The purpose of this chapter is twofold: first, to present experimental results of
a systematic study of the conditions for an otherwise single-mode laser to turn
multi-mode under high-frequency microwave modulation, and second, to develop
a theoretical treatment that can explain these results and provide a general under-
standing of the time evolution of lasing spectrum through simple analytical results.
In addition to an increase in the number of lasing modes, it has also been observed
that the linewidth of the individual lasing modes increases under high-frequency
modulation [53]. This has been explained by time variation of electron density in
the active region, with a concomitant variation of the refractive index of the lasing
medium, thus causing a shift in the lasing wavelength. This is further explained in
detail in Sect. 6.7.

6.2 Experimental Observations

The longitudinal spectrum of a laser under direct modulation obviously depends on
the amount of mode selectivity in the laser. Those lasers with a built-in frequency
selective element, such as that in a distributed feedback-type laser, can sustain
single-mode oscillation even under turn-on transients and high-frequency modu-
lation [54,55]. The same is true for a laser with a very short cavity length, where the
increased separation between the longitudinal modes results in a larger difference
in the gain of adjacent modes [48, 49], or in a composite cavity laser where addi-
tional frequency selectivity arises from intracavity interference [56]. Experimental
work on lasing spectral transients under step or pulse excitation has been fairly well
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documented. In experiments described in this chapter, the main concern is the time-
averaged lasing spectrum of lasers of various cavity lengths under high-frequency
continuous microwave modulation at various frequencies and modulation depths.
The lasers used are index-guided lasers of the buried heterostructure type with a
stable single transverse mode. The CW characteristics of a 120-�m long laser are
shown in Fig. 6.1. These lasers have an extremely low threshold, less than 10 mA,
and display a single-longitudinal mode at output powers above �1:3mW. The CW
characteristics of a regular laser whose cavity length is 250�m are shown in Fig. 6.2.
The light-versus-current characteristic is essentially similar, except for the higher
threshold current, to that of the 120-�m laser. The longitudinal mode spectrum
of this laser becomes single-moded at an output power slightly above 1 mW. The
fraction of power contained in the dominant lasing mode is higher in the short laser
than in the long one at all corresponding output power levels. However, it should
be mentioned that this is only a general observation, and exceptions where a long
laser has a purer longitudinal-mode spectrum compared to a short laser do exist.
Thus, in high-frequency modulation experiments described below, the comparison
is not as much between short and long lasers as between lasers with intrinsically
different mode selectivities. In any case, it has been generally observed that during
turn-on transients, a short cavity laser settles to single-mode oscillation considerably
faster than a long cavity laser [48,49]. Under high-frequency continuous microwave

Fig. 6.1 CW light versus
current and spectral
characteristics of a GaAs
laser whose cavity length is
120�m
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Fig. 6.2 CW light versus
current and spectral
characteristics of a GaAs
laser identical to that shown
in Fig. 6.1 except that cavity
length is 250�m
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modulation with the laser biased above threshold, the increase in the number of
longitudinal modes is expected to be smaller in short lasers. This is a general obser-
vation in these experiments. All the lasers tested retain their single-mode spectrum
until the optical modulation depth exceeds �75–90%, depending on the purity of the
original CW lasing spectrum. The optical modulation depth � is defined as the ratio
of the amplitude to the peak of the modulated optical waveform [i.e., if the optical
waveform is S0 C S1 cos!t , then � D 2S1=.S0 C S1/]. Another interesting obser-
vation is that, contrary to common belief, this critical modulation depth does not
depend on modulation frequency, at least within the frequency range of 0.5–4 GHz.
Results obtained with the short laser in Fig. 6.1 are shown in Fig. 6.3a, which depicts
the time-averaged spectrum at various modulation depths and frequencies between
1 and 3 GHz. A single-mode spectrum can be maintained at a modulation depth up
to 90% regardless of modulation frequency. The laser is biased at a dc output power
of 1.5 mW. However, it can be observed that the width of the individual modes
broadens at higher frequencies, although the relative amplitudes of the modes do
not change. This, as mentioned before, arises from fluctuations in the refractive
index of the cavity as a result of fluctuation in carrier density. A simple single-mode
rate equation analysis shows that under a constant optical modulation depth, the
fluctuation in carrier density increases with increasing modulation frequency, and
consequently the line broadening effect is more visible at high frequencies [53].
Figure 6.3b shows a set of data similar to that in Fig. 6.3a, for the longer cavity laser
whose CW characteristics are shown in Fig. 6.2. The laser is biased at an identical
output power of 1.5 mW as above. Multimode oscillation occurs at a lower optical
modulation depth of 75%. This is also relatively frequency independent.
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Fig. 6.3 (a) Observed time-averaged spectrum of the laser shown in Fig. 6.1 under microwave
modulation at various optical modulation depths, at modulation frequencies of 1 and 3 GHz. The
laser is biased at a dc optical power of 1.5 mW. (b) Same experiment as in (a) but for the laser
shown in Fig. 6.2

Extreme care must be taken in determining the exact value of the optical mod-
ulation depth, especially at high frequencies. The drop-off in the photodetector
response at high frequencies can be taken into account by precalibrating the pho-
todiode response using picosecond pulse techniques. However, most photodiodes
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display an excess dc gain of several decibels, and it is very difficult to calibrate
this excess gain by common picosecond pulse techniques, yet it is very important
that this excess gain be taken into account when trying to determine the optical
modulation depth from the observed dc and RF photocurrents. One way to do this
is to observe the photodetector output directly in the time domain (oscilloscope)
while modulating the laser at a “low” frequency (say, a few hundred megahertz
where the photodiode response is flat) and increasing the modulation current to
the laser until clipping occurs at the bottom of the output photocurrent waveform
from the photodiode. This indicates clearly the level corresponding to zero optical
power. The excess dc gain over the midband gain of the photodiode can then be
accurately determined from the observed dc and RF photocurrents at the point of
clipping.

6.3 Time Evolution Equations for Fractional Modal Intensities

As mentioned in Sect. 6.1, meaningful theoretical analysis on spectral dynamics
must include both cases of positive and negative step transitions. These give insights
into cases of practical interest such as that when the laser is modulated by a pseudo-
random sequence of current pulses or by a continuous microwave signal. Analytic
solutions are difficult to come by due to the complexity of the coupled nonlinear
multimode equations, which do not lend themselves to easy analytical solutions.
Numerical analysis of the multimode rate equations has been previously reported
for some specific cases [44, 57]. The intention of this and the following section is
to derive a simple analytical solution that will allow significant insights into the
problem of the time evolution of the spectrum and its dependence on various device
parameters and pump conditions.

In previous analyses of laser dynamics, one sets out to find the optical response
given a certain modulation current waveform. There is no easy solution to the prob-
lem through this approach even when only one longitudinal mode is taken into
account, except in the limit of small signal analysis where the equations are lin-
earized. In the case where many modes are taken into account and nonlinear effects
are what one is looking for, the analysis becomes hopelessly complex. A different
approach is used here, where one asks the following question: given that the total
optical output from the laser takes on a certain modulated waveform, how does the
spectral content of this output vary as a function of time?

The rate equation governing the time evolution of the number of photons in the
i th longitudinal mode reads

dsi
dt

D 1

�p

Œ.
 gin � 1/si C 
ˇin�; (6.3)

where n is the electron density normalized by 1=A�p, si is the photon density in
the i th mode normalized by l=A�s, A is the (differential) optical gain constant, ˇi
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is the spontaneous emission factor for the i th mode, �p and �s are the photon and
spontaneous lifetimes, 
 is the optical confinement factor, and gi is the Lorentzian
gain factor in (6.2) where mode 0 is taken to be at the center of the optical gain
spectrum. It follows, from the constant proportionality between the stimulated and
spontaneous emission rate into a mode, that ˇi D ˇ � gi where ˇ D ˇiD0. The
normalized electron density n is clamped to a value very close to l=
 under steady-
state operation, and numerical computations have shown that it does not deviate
significantly (< parts in 102) from that value even during heavy optical transients
at high frequencies [51]. The reason that n cannot be simply taken as a constant in
solving (6.3) is that the quantity 1 � n
 gi , though small, cannot be neglected in
(6.3). Let S D P

si be the total photon density summed over all modes. The rate
equation for S is

PS D 1

�p

 X
i

si
gin � S C 
 n
X

i

ˇi

!
: (6.4)

Now, let ˛i D si=S be the fraction of the optical power in the i th mode. The rate
equation for ˛i can be found from (6.3) and (6.4)

P̨ i D S Psi � si PS
S2

D 1

�p




0
@˛i

X
j

.gi � gj /˛j � ˛i

S

X
j

ˇj C ˇi

S

1
A n

i D �1 ! 1 (6.5)

The normalized electron density n can now be taken as l=
 , since it appears only
by itself in (6.5). The quantity

P
j .gi � gj /˛j in (6.5) obviously depends on the

instantaneous distribution of power in the modes and causes considerable difficulty
in solving (6.5) unless some approximations are made. However, one can first look
at the case of a laser that has only two modes (or three modes symmetrically placed
about the peak of the gain curve). The exact analytical solution can then be obtained,
which yields considerable insight into transient modal dynamics. It should be noted
at this point that, with a simple and reasonable assumption, the solution of (6.5) in
the many-mode case is very similar to that in the two-mode case. Therefore, impli-
cations and conclusions drawn from the two-mode solution are directly transferable
to the full many-mode solution.

6.4 A Two-Mode Laser

If only two modes exist, then it is obvious that the fraction of power contained in
the two modes, ˛1 and ˛2, is related by

˛1 C ˛2 D 1: (6.6)
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Thus, from (6.5), the time evolution equation for ˛1 is

P̨1 D 1

�p

�
˛1˛2.g1 � g2/C ˇ

S
.1 � 2˛1/

�
; (6.7)

where ˇ1 D ˇ2 is taken since they differ only by parts in 104 [44]. Combining (6.6)
and (6.7), one has

P̨1 D 1

�p

�
˛1.1 � ˛1/ıg C ˇ

S
.1 � 2˛1/

�
;

ıg D g1 � g2; (6.8)

Now, one can assume that the modulated waveform of the total photon density S
is that of a square wave as shown in the top parts of Fig. 6.5 so that in solving
(6.8), S takes on alternate high and low values as time proceeds. A straightforward
integration of (6.8) yields a solution within each modulation half cycle

˛1.t/ D 1

�B

0
BB@

A C 2B˛1.0/C 2

�
tanh

�
t

�

�

ŒA C 2B˛1.0/� tanh

�
t

�

�
C 2

�

1
CCA � A

2B
; (6.9)

where

1

�
D 1

2�p

s
ıg2 C 4

�
ˇ

S

�2

; (6.10a)

A D 1

�p

�
ıg � 2ˇ

S

�
; (6.10b)

B D 1

�p

ıg: (6.10c)

It is obvious from (6.9) that the temporal evolution of the modal intensities possesses
a time constant � as given in (6.10a). This time constant decreases as ıg increases
and �p decreases. The dependence on ıg is intuitively obvious, since a higher modal
discrimination leads to a faster time for the laser to equilibrate toward its steady-state
spectrum. A further examination of the solution indicates that at the limits of high
and low photon densities, � approaches the following:

� � 2�p

ıg
; S large; (6.11a)

� � S�p

ˇ
; S small: (6.11b)
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Thus, in pulse or square modulation where the bottom of the optical modulated
waveform is fairly low, the time constant involved in the redistribution of spectral
intensities is much shorter during turn-off than during turn-on. The time constant
when the laser is turned on depends on the amount of mode discrimination ıg,
whereas when the laser is turned off, the time constant would depend on the opti-
cal power level at the off state. Figure 6.4 shows a plot of the time constant � as a
function of the total photon density S , for various cavity lengths. One can see from
Fig. 6.4 and (6.10a) that by reducing the length of the laser, one can reduce the time
constant not only by an increased mode selectivity (ıg) but also through a reduc-
tion in �p . Figure 6.5 shows plots of ˛1, using (6.9), with the modulated waveform
of the total photon densities shown in the top part of the figure. The modulation
frequency is 10 MHz, and Fig. 6.5 shows cases with increasing modulation depth.
These plots show that the time constant for equilibrating the spectrum is quite long
(in the nanoseconds range) compared to the modulation period of the laser (when
one looks at the total photon density). Thus, at high modulation frequencies (above
�1GHz), the spectral content does not have sufficient time to change from cycle
to cycle, and the relative mode amplitudes are approximately constant in time. This
is shown in Fig. 6.6, which has plots similar to Fig. 6.5, but at a higher modulation
frequency of 300 MHz. The simple analytical results above are obtained by assum-
ing that the total photon density takes the form of a square-wave modulation, which
intrinsically assumes that relaxation oscillation does not take place. However, in
view of the fact that spectral transient processes are relatively slow ones, any rapid
variation in the photon density during relaxation oscillation should not have sig-
nificant effect on the solution, as can be seen from previous numerical results that
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Fig. 6.4 Calculated time constant for spectral transients in a two-mode laser as a function of
normalized total photon density. A normalized value of S D 1 corresponds roughly to an output
power per facet of 1.5 mW. The values of the parameters used in the calculations are 1=�p D 1;500,
b D 10�4 for a 300��m device and is proportional to the square of cavity length, ˇ D 5� 10�5

for a 300-�m device and is inversely proportional to cavity length
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Fig. 6.5 Variation of the fraction of optical power in the dominant mode as a function of time in
one cycle of a continuous square-wave modulation at 10 MHz. The modulated waveform of the
total photon density is shown above each plot. The optical modulation depths are 33%, 67%, 82%,
and 95% in (a)–(d)

showed that the spectral width rises and falls smoothly despite heavy oscillation in
the optical output [44].

The above results indicate that the time constant for spectral dynamics is fairly
long, in the order of 10 ns. This is longer than one actually observes and results from
the fact that only two modes with almost identical gains are competing against each
other. The analysis in the next section shows that when many modes are taken into
account, the time constant is considerably smaller – in the order of 0.5 ns. This is
consistent with both experimental observations in GaAs lasers [46] and numerical
results [44, 48].



6.5 Solution to the Many-Mode Problem 55

2

1

0

S
a

c

b

d

0
0

0.5

1.0

1.5 3

time (ns)

time (ns)

time (ns)

time (ns)

0 1.5 3

a
1

2

1

0

S

0

0.5

1.0

a
1

a
1

2

1

0

S

0
0

0.5

1.0

1.5 3

a
1

2

1

0

S

0
0

0.5

1.0

1.5 3

Fig. 6.6 Plots similar to Fig. 6.5 but a higher modulation frequency of 300 MHz. The optical
modulation depths in (a)–(d) are identical to the corresponding plots in Fig. 6.5

6.5 Solution to the Many-Mode Problem

A meaningful description of the “purity” of the longitudinal mode spectrum of
a semiconductor laser is the fraction of the total optical power contained in the
dominant longitudinal mode ˛0, which is described by (6.5)

P̨0 D 1

�p

0
@˛0

X
j

.1 � gj /˛j � ˛0

S

X
j

ˇj C ˇ

1
A: (6.12)

As mentioned before, an exact solution is not possible due to difficulties in evaluat-
ing the following time-dependent term in (6.12)
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X
j

.1 � gj /˛j .t/: (6.13)

However, from both numerical and experimental results previously reported, it
seems reasonable to assume that the envelope of the multimode optical spectrum
is Lorentzian in shape, whose width varies in time during modulation transients

˛i .t/ D ˛0.t/

1C c.t/i2
(6.14)

with the condition

X
i

˛i .t/ D
X

i

˛0

1C ci2
D 1: (6.15)

With this assumption, the summation (6.13) can be easily evaluated

X
i

.1 � gi /˛i .t/ D ˛0

X
i

�
bi2

1C bi2

��
1

1C ci2

�

D b

c � b
�
˛0�p
b

coth
�p
b

� 1

�
; (6.16)

where the relation in (6.15) has been used. The value of b is in the order of 10�4,
whereas even in extreme multimode cases where there are ten or so lasing modes,
the value of c is not much smaller than 10�1. It is, thus, very reasonable to simplify
(6.16) to

X
j

.1 � gj /˛j .t/ D ˛0�

p
b

c
; (6.17)

where coth�x ! 1 is used for x & 1. An approximate analytical solution can be
obtained for (6.14) and (6.15) whereby c.t/ can be expressed, with good accuracy,
as an explicit function of ˛0.t/ (details in the Sect. 6.5.1)

1

c
D .1C 2˛0/.1 � ˛0/

�2˛2
0

: (6.18)

Putting (6.17) and (6.18) into the time evolution equation (6.11), one has

P̨0 D 1

�p

 p
b

�
.1C 2˛0/.1 � ˛0/� ˛0

�ˇ

S
p
B

C ˇ

S

!
: (6.19)

The form of this equation, Px D Px2CQxCR, is similar to the time-evolution equa-
tion in the two-mode case. The solution is, thus, similar in form to that discussed in
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the last section, (6.9). The corresponding time constant in this many-mode case can
be evaluated from the coefficients in (6.19)

1

� jmany mode
D 1

2�p

r
9b

�2
C �2ˇ2

S2b
� 2ˇ

S
: (6.20)

Figure 6.7 shows a plot of �many mode as a function of the total photon density S ,
for various cavity lengths. The similarity between these results and those in the
two-mode case is apparent, except that the time scale involved here is considerably
shorter. The reason is that there are many modes far away from the gain-line center,
which take part in the transient process, as compared to the two-mode case where
both of the modes are assumed to reside very closely to the line center. As a result,
while the analysis in this section provides a fairly accurate description of the mul-
timode spectral transient, it does not really add new physics or interpretation that
could not be obtained in the two-mode solution. The time constants of about 0.5 ns
for regular 300�m GaAs lasers, as depicted in Fig. 6.7, agree well with experimen-
tal observations [46] and numerical computational results [44,57] for GaAs lasers. It
also agrees well with recent experimental observations that coherent radiation can be
obtained from a pulse-operated GaAs laser within 1 ns after the onset of the optical
pulse (Psaltis, Private communication). On the other hand, experimental observa-
tions in quaternary lasers indicated a longer time constant of �5 ns. The reason for
these observational differences is not clear. The general features of experimental
observations, however, are in accord with the above theoretical results, where the
time required for achieving the spectral steady state can be substantially reduced
by increasing the amount of modal selectivity (i.e., increasing b), and where one
can maintain an essentially single-mode spectrum as long as one maintains the laser
above threshold [47].
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Fig. 6.7 Time constant for spectral transient when many longitudinal modes are taken into
account. The values of the parameters are the same as that shown in the caption of Fig. 6.4
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6.5.1 An Approximate Analytic Solution of ˛0˙i
1

1Cci 2 D 1

The above relation that arose earlier in Sect. 6.6 relates the time evolution of the
width of the (Lorentzian) spectral envelope, as measured by the quantity c.t/ in
(6.14), to the time-varying fractional optical power in the dominant mode ˛0.t/. A
simple analytic solution expressing c.t/ as a function of ˛0.t/ was needed to further
proceed with the analysis. This section provides such a solution. Using the relation

X
i

1

1C ci2
D �p

c
coth

�p
c

(6.21)

one has a transcendental equation of the form

˛0x coth x D 1 where x D �p
c

(6.22)

and

0 < ˛0 < 1: (6.23)

Consider the asymptotic behaviors as ˛0 ! 0 and ˛0 ! 1. One expects, from phys-
ical considerations, that the spectral envelope must be very wide if ˛0 is very small,
and therefore c ! 0 and x � 1, which justifies the approximation cothx D 1,
leading to

x D 1

˛0

; ˛0 ! 0: (6.24)

On the contrary, as ˛0 ! 1, almost all the power is contained in the dominant
mode, and consequently the spectral envelope width should be very small: c ! 1
and x ! 0. In this case, one can expand cothx as

coth x D 1

x
C x

3
C 	 	 	 (6.25)

resulting in

x2 D 3.1 � ˛0/; ˛0 ! 1 (6.26)

Thus, asymptotically

x2 D
(
.1=˛0/

2 ˛0 ! 0

3.1 � ˛0/ ˛0 ! 1
(6.27)
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Fig. 6.8 The error
percentage of the
approximate solution (6.28)
compared to the actual
numerical solution, for
various values of ˛0
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In principle, it is possible to construct a solution for x2, to an arbitrary degree of
accuracy, with a rational function of ˛0 that satisfies the asymptotic conditions
(6.27). The simplest of such a rational function is

x2 D .1C 2˛0/.1 � ˛0/

˛2
0

: (6.28)

This solution, though simple, is remarkably accurate over range 0<˛0<1.
Figure 6.8 shows the error percentage of (6.28) compared to the true solution.
The maximum error is about 12%. Replacing x by �=

p
c in (6.28) yields the

desired relation (6.18).

6.6 Lasing Spectrum Under CW High-Frequency
Microwave Modulation

In this section, a quantitative comparison of the experimental results in Sect. 6.2
with the theoretical treatment of the last two sections is performed. It is clear from
the above analysis that under very high frequency continuous microwave modu-
lation, there is no significant time variation in the spectral envelope shape of the
longitudinal modes, as evident from a lack of time variation of the fractional power
content of the dominant mode (Fig. 6.6). Under this condition, the fraction of power
in the dominant longitudinal mode ˛0 can be deduced from the basic time-evolution
equation (6.5). Assume that the optical output power (and hence the total photon
density) can be represented by
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S.t/ D S0 C S1 cos!t: (6.29)

Assuming that ˛0 is constant in time, taking a time average (defined as hi D
.1=T /

R T

0
dt where T D period of modulation) on both sides of (6.5) to give

˛i

X
j

.gi � gj /˛j � ˛i

X
j

ˇj

�
1

S.t/

�
C ˇi

�
1

S.t/

�
D 0: (6.30)

The solution of (6.30) is the steady-state lasing spectrum of a laser operating CW at
a photon density of S 0

0, where

1

S 0
0

D
�
1

S.t/

�
D .S2

0 � S2
1 /

�1=2: (6.31)

The optical modulation depth �, previously defined as the ratio of the amplitude to
the peak of the optical modulated waveform, is

� D 2S1

S0 C S1

: (6.32)

Thus, in terms of modulation depth, the apparent dc power S 0
0 is

S 0
0 D S0

2
p
1 � �

2 � �
: (6.33)

So, when a laser is biased at a certain optical power and being modulated at high fre-
quencies with an optical modulation depth of �, the time-averaged lasing spectrum is
equivalent to that of the laser operating CW (without modulation) at a reduced power
level of S 0

0 as given in (6.32). Figure 6.9 shows a plot of the apparent reduction
factor S 0

0=S0 versus �. The results show that high-frequency modulation has little
effect on the lasing spectrum unless the optical modulation depth exceeds �80%.
The points shown on the same plot are obtained from the experimental results of the
two lasers described in Sect. 6.2 and a few other lasers. The general agreement with
the analysis is good.

If one further increases the microwave drive to the laser beyond the point where
the optical modulation depth approaches 100% (S0 ! S1), the bottom of the optical
waveform will clip. The photon density during clipping will, in practice, be very
small, but not exactly zero. It is easy to see from (6.31) that as soon as the clipping
occurs, the quantity h1=S.t/i becomes very large and consequently S 0

0 becomes
very small. The spectrum would look like that of a laser below lasing threshold.
This is consistent with experimental observations.

It should be noted that the above result indicate that comparing the spectral purity
of two lasers under the same optical modulation depth is not always fair and that one
has to consider the dc bias levels of these two lasers as well. Obviously, if one laser
is biased way above threshold so that even after being reduced by the factor shown
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Fig. 6.9 A plot of S 0

0=S0
versus �. S 0

0 is the photon
density corresponding to a
bias level, at which the laser
would emit a
longitudinal-mode spectrum
similar to that when the actual
bias level is S0 and the laser
is modulated at high
frequencies. The vertical bars
are derived from experimental
observations of the lasers
shown in Figs. 6.1 and 6.2,
and a few others
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in Fig. 6.9, the apparent bias level is still substantially above threshold, single-mode
oscillation can be maintained up to very large optical modulation depths.

The analysis presented above is based on a strictly homogeneously broadened
gain system and therefore does not take into account mode hopping and spectral
gain suppression [52]. Spectral gain suppression is manifested as a decrease in the
actual amplitude of the nondorninating longitudinal modes as the optical power is
increased and is usually observed only at high optical power levels. This phenomena
has been explained by nonlinear optical properties of the semiconductor material
[59] and actually aids the laser in maintaining a single-mode spectrum under high-
frequency modulation.

6.7 Dynamic Wavelength “Chirping” Under
Direct Modulation

Sections 6.3–6.6 discuss the excitation of multiple longitudinal modes under tran-
sient switching (Sects. 6.3, 6.4, 6.5, 6.6) and CW microwave modulation (Sect. 6.7).

These multimode behaviors have obvious implications in fiber transmission in
terms of deleterious effects to the signal due to dispersion of the fiber, even at the
dispersion minimum of 1.3�m, since the wavelength separation between longitudi-
nal modes is quite far apart for a typical laser diode. The effects are not insubstantial
particularly for high-frequency signals, even at the fiber dispersion minimum of
1.3�m. It is obvious from the discussions in Sects. 6.3, 6.4, 6.5, 6.6, and 6.7 that a
“single-wavelength” laser that remains to be single-wavelength even under transient
switching or high-frequency microwave modulation is essential for the possibility
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of fiber transmission over any reasonable distances. The results of Sects. 6.3, 6.4,
6.5, 6.6, and 6.7 indicate that one single key parameter controls this behavior of the
laser – namely, the gain selectivity (difference) between the dominant mode and the
neighboring modes – the factor ıg in (6.8). For applications in telecommunications,
this issue has been solved by employing a highly wavelength-selective structure,
such as a grating, into the laser cavity, resulting in what is known as a Distributed
Feedback Laser (DFB). Whereas mode rejection ratios (ratio of power in dominant
mode to that of the next highest one) of �10–100 would have been considered excel-
lent in Fabry–Perot lasers with cleaved mirror facets, and which relies on the slight
difference in the intrinsic gain between longitudinal modes of the laser medium to
produce mode selectivity, DFB lasers routinely exhibit mode rejection ratios in the
thousands or higher, rendering moot the issue of multimode lasing and associated
problems due to fiber dispersion. Despite the added complexity in fabrication of
DFB lasers, their productions have now been mastered and volume production is a
matter of routine from a number of vendors.

The issue which remains is that, while the lasing spectrum can be maintained
to a single lasing mode under high-speed modulation, it has been observed that the
lasing wavelength (frequency) of that lasing mode can “chirp” under modulation.
This phenomenon has its origin in the variation of refractive index of the semicon-
ductor medium with electron density. It is obvious from previous considerations of
the laser rate equations (1.19), (1.20) that under dynamic modulation situation, the
election density inside the laser medium does fluctuate along with the photon den-
sity. In fact, a definitive relationship between the time variations of the electron and
photon density can be derived [60], with the result given in (7.6) and (15.24), where
˚.t/ is the fluctuation of the phase of the electric field of the optical wave, P.t/
is the time varying photon density inside the laser medium; a time variation of the

optical phase represents an (optical) frequency
�
� d˚.t/

dt

	
, i.e., a wavelength dither,

better known as “chirp” in the laser output wavelength. Note from (7.6) that the
entire electric field, including phase of the optical output from the laser, is known
deterministically given the optical intensity waveform alone. It is most convenient
that given any time-varying modulating current, the optical intensity waveform can
be computed from the standard rate equations (1.19), (1.20), and then the wave-
length (frequency) chirp can be computed from (7.6) accordingly. Armed with these
results, it is straightforward to compute the output optical waveform from a fiber
link, given the dispersion and attenuation parameters of the fiber. These types of
link simulations are now routinely done in the industry [61].

6.8 Summary and Conclusions

This chapter examines the dynamic longitudinal-mode behavior of a laser diode
under high-speed modulation. Experimental observations of the lasing spectrum of
a single-mode semiconductor laser under continuous microwave modulation show
that the lasing spectrum is apparently locked to a single-longitudinal mode for
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optical modulation depths up to �80%, beyond which the lasing spectrum breaks
into multimode oscillation. The width of the envelope of the multimode spectrum
increases very rapidly with further increase in modulation depth. These results are
satisfactorily explained by a theoretical treatment that gives simple analytic results
for the time evolution of the individual longitudinal modes. It also yields consider-
able insight into spectral dynamics and enables one to deduce the lasing spectrum
of a laser under high-frequency modulation just by observing its CW lasing spec-
trum at various output powers. The results can also be used to deduce the amount of
spectral envelope broadening under single or pseudorandom pulse modulation.

It is apparent from the results obtained in this chapter that single-mode oscillation
can be maintained even under very high-speed modulation as long as one maintains
the laser above lasing threshold at all times. A frequently quoted argument against
doing so is that the added optical background can increase the shot noise level at the
optical receiver. However, in an actual receiver system, the noise current is the sum
of that due to shot noise and an effective noise current of the amplifier. The latter
is of a comparable amplitude to the former and, in many cases, is even the dominant
of the two. The amount of added noise from reducing the optical modulation depth
from 100% to, say, 80%, may prove to be insignificant in most circumstances.

In addition to the excitation of multiple longitudinal modes when a laser diode
is under current modulation another effect of significance is the so-called “wave-
length chirp”. This arises from a change in the refractive index of the semiconductor
medium with fluctuation in electron density, which occurs when the current input
into the laser diode is varied. This is explained before when the laser rate equations
are discussed in Chap. 2. It can be derived that [60] this effect produces a very pro-
found result that a definitive relation (15.25) exists between E.t/ and P.t/ where
the former is the (complex) electric-field output from the laser diode and the latter is
the power output: P.t/ D jE.t/j2. It is straightforward to measure the time-varying
power output from the laser diode by using a photodiode, but it is not at all trivial to
measure the time-varying electric field (including optical phase). Equation (15.25)
provides a convenient way to deduce the time-varying E-field from a laser diode by
measuring the time-varying output power alone. For a derivation of this powerful
relationship, see [60].



Chapter 7
Signal-Induced Noise in Fiber Links

7.1 Introduction

Common sources of noise in fiber-optic links include intrinsic intensity noise in the
laser diode output arising from the discrete nature of electrons and photons (com-
monly known as “RIN”, Relative Intensity Noise, and noises associated with the
optical receiver. The latter, being relatively straightforward for an analog transmis-
sion system, at least in principle, is briefly reviewed in Appendix B. This chapter is
concerned with a quantitative evaluation of yet another source of noise in subcar-
rier fiber transmission systems, namely, “signal-induced noise,” (which only exists
in the presence and in the spectral vicinity of a subcarrier signal). Specifically,
one considers high-frequency analog, single-mode fiber-optic links using directly
modulated multimode (Fabry–Perot) and single-frequency (DFB) lasers. The signal-
to-noise ratio in a typical fiber-optic link is commonly evaluated by treating the
various sources of noise, such as laser RIN, laser mode-partition noise (for multi-
mode lasers), shot and thermal noise of the receiver, etc., as uncorrelated additive
quantities independent of the modulation signal. However, there are sources of noise
that become prominent only in the presence of a subcarrier modulation signal. This
chapter describes experimental and theoretical studies of the latter type of noise that
arises from

1. Mode partitioning in (multi longitudinal mode) Fabry–Perot lasers.
2. Interferometrically converted phase-to-intensity noise in single-frequency DFB

lasers.

The former is greatly enhanced by fiber dispersion, and the latter is produced by
optical retro reflections along the fiber link such as multiple back reflections from
imperfect connectors or splices. Even in the case where all connectors and splices
are made to be perfect fundamental Rayleigh backscattering of the fiber, glass
material still serves as an ultimate cause of interferometrically converted phase-
to-intensity noise. Both mode-partition noise in Fabry–Perot lasers coupled with a
dispersive medium (fiber) as well as interferometrically converted phase-to-intensity
noise in single-mode lasers/fibers due to Rayleigh backscattering are well known.

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 7,
© Springer-Verlag Berlin Heidelberg 2011
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Both types of noise increase with fiber length, and so is the signal-induced noise
that is created by these effects.

Historically, the development of high-speed semiconductor lasers for microwave/
analog applications took place with almost exclusive emphasis on intensity modu-
lation speed, the reason being that unlike fiber links in telecom or metropolitan
networks, this type of microwave/analog fiber links typically do not span any signif-
icant distances (<a few km). As a result, a 1.3�m fiber at the dispersion minimum
can be used in most of these applications, thus obviating the concern for deleteri-
ous effects due to spectral impurity of the laser. To date, semiconductor lasers with
the highest bandwidth has been demonstrated in Fabry–Perot (FP) lasers [62, 63],
although single-frequency lasers also show exceptional performances [64]. The mul-
timode lasing spectrum of FP lasers will be an issue in any wideband systems due to
fiber dispersion, even for wavelengths near (but not exactly at) the fiber dispersion
minimum of 1.3�m. Another serious concern is the manifestation of mode-partition
noise due to fiber dispersion, a subject studied previously in considerable detail
[65]. The spectral content of this type of noise usually does not extend beyond a
few tens of MHz and has been, generally (but erroneously), not considered harmful
to high-frequency microwave systems; hence, they need not be considered for such
applications. A similar type of low-frequency noise, the “mode-hopping” noise [65–
67], which can manifest itself without the presence of fiber dispersion, was similarly
considered not significant for narrowband microwave applications. However, it has
been shown that in a directly modulated laser diode, the low-frequency noise can
be transposed to the spectral vicinity of the modulation subcarrier [68]. This is a
source of signal-induced noise for Fabry–Perot lasers that can become quite serious
at high frequencies and for long fiber links. These parameters are quantified later in
the chapter. It is, therefore, a mistake to not consider low-frequency noise in lasers
for high-frequency applications. Furthermore, it is equally misleading to measure
the system noise level at high frequencies without any applied modulation to the
laser and then to calculate the anticipated S=N ratio based on these measurements,
as if the signal and the noise are independent entities.

It should be noted that a similar transposition of low-frequency noise onto the
spectral vicinity of a high-frequency modulation subcarrier also exists for systems
with transmitters comprised of externally modulated diode-pumped YAG lasers. The
low-frequency noise from diode-pumped YAG lasers originates from relaxation
oscillation (of the YAG laser) and from beating between longitudinal modes (of
the YAG laser), the latter being very significant even with what would ordinarily be
considered an excellent side-mode rejection. These noises typically do not extend
beyond a few tens of megahertz. But given the fact that an external intensity mod-
ulator employed to modulate the microwave signal onto the optical carrier also acts
as a mixer that multiplies the modulation signal with the intensity noises present on
the optical beam, these low-frequency noises will also appear in the spectral vicinity
of the high-frequency subcarrier signal (as a result of convolution of the spectra of
the low-frequency intensity noise and the modulation signal). Therefore, these low-
frequency noises must be eliminated by optoelectronic feedback to the diode pump
source of the diode-pumped YAG.

For single-frequency diode lasers such as DFB lasers, neither mode-partition
nor mode-hopping noises are present. The dominant source of low-frequency noise
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arises from double back-reflections along the fiber that serves to convert the laser
phase noise to intensity noise [65, 69, 70]. With the use of good optical connectors
(Angled-Polished-Connectors, APC, for example), reflections along the fiber link
can be minimized except for intrinsic Rayleigh backscattering along the length of
the fiber [71]. The resulting intensity noise spectrum approximately resembles the
(Lorentzian) laser lineshape centered at DC, with a typical linewidth of a few tens
of megahertz. On applying high-frequency direct modulation to the laser diode, this
noise can be transposed to the spectral vicinity of the modulation subcarrier. In gen-
eral, this effect is much less severe than that for FP lasers, provided proper optical
connectors and splices are employed. In the remaining sections of this chapter, these
effects are described, and the parameters are quantified.

7.2 Measurements

To illustrate the effects discussed above, Fig. 7.1 shows results for links consisting
of (a) a 1.3-�m FP laser and (b) a 1.3-�m DFB laser, directly modulated at fre-
quencies of 6.5 and 10 GHz, and propagating through distances of 1, 6, and 20 km
of single-mode fiber. Both lasers are high-speed lasers resistively matched to 50 Ω
input impedance, with a 3-dB modulation bandwidth well beyond 10 GHz, as shown
in Fig. 7.1a. The same high-speed p–i–n photoreceiver with a 3-dB bandwidth of
12 GHz is used for all of the measurements. The optical emission spectra of the
lasers are shown in Figs. 7.1b and 7.1c. The measurements are done with an input
RF drive level into the lasers of C10 dBm. As a point of reference, the 1 dB com-
pression level of the laser is C15 dBm. The optical input into the photoreceiver is
adjusted to give 1 mA of dc photocurrent in all cases, except where noted in the
caption. Angled polished optical connectors (APC) are used wherever a connection
is required. The dispersion of the fiber used is estimated to be about 1 ps/(nm-km)
at the wavelength of the lasers.

For the FP laser, low-frequency mode-partition noise can be clearly observed
on propagation through only a few kilometers of fibers, as shown in Fig. 7.2a, b.
The highest of these noise levels correspond to RIN figures of < �145 dB Hz�11 –
at the output of the laser, �132 dB Hz�1 after propagating through 6 km, and
�115 dB Hz�1 after 20 km. At higher frequencies, the noise drops back to the
receiver noise limit of about �145 dB Hz�1. In contrast, for the DFB laser, the noise
spectrum is at the receiver noise limit at 6 km (Fig. 7.3a) and remains to be so after
20 km (Fig. 7.3b). Nevertheless, at 20 km, one can already observe the interferomet-
ric noise emerging above the receiver noise level at low-frequencies (Fig. 7.3b). This
low level of interferometric noise is due to Rayleigh backscattering in a long fiber.
The nature of the interferometric noise can be very easily observed when bad fiber
splices or connectors exist in the link, as illustrated in Fig. 7.3c. A situation clearly
to be avoided.

1 This number is receiver noise limited.
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Fig. 7.1 (a) Direct modulation response of the high-speed FP and DFB lasers used in this test.
Both lasers have an estimated relaxation oscillation frequency at slightly below 10 GHz, although
the resonances of the both lasers are strongly damped. (b) and (c) lasing spectrum of the DFB and
FP lasers, respectively. Note that the individual longitudinal modes of the FP laser are not resolved
by the spectrometer in (c)
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Fig. 7.2 Mode-partition noise in FP lasers after transmission through (a) 6 km and (b) 20 km
of single-mode fibers. Vertical scale in dBm, with DC photocurrent at the photodiode adjusted to
1 mA. The RF output from the photodiode is amplified by a 20-dB amplifier in these measurements

The kinds of low-frequency noise described above are quite commonly observed
in typical fiber links. In the following section, it is illustrated how the low-frequency
noise is transposed to the spectral vicinity of the modulation subcarrier upon appli-
cation of a high-frequency direct modulation to the laser. Figure 7.4 shows the result
of applying a 6.5-GHz modulation subcarrier to the FP (a, c, e) and the DFB lasers
(b, d, f), and observed after transmission through 1, 6, and 20 km of SMF. The
blanks in the traces for FP laser in Figs. 7.4a, 7.4b, and 7.4c were obtained with
the RF drive to the laser disconnected, i.e., without noise transposition, to estab-
lish the background link noise level (dominated by intrinsic laser RIN). These plots
illustrate that the low-frequency noise and its transposition are very significant. The
drop in the RF signal level at longer fiber lengths for the FP laser (Fig. 7.4c) is due
to fiber dispersion and not attenuation (recall that all measurements, except where
noted, are done with 1 mA of photocurrent from the receiver). One should contrast
the above results with those obtained with the DFB laser, Figs. 7.4d, 7.4e, and 7.4f.
In the latter cases only at 20 km does the transposed noise begin to emerge from the
background, consistent with the low-frequency noise observations of Fig. 7.3.

All of the above measurements were repeated with modulation applied directly to
the laser at 10 GHz, as shown in Fig. 7.5a–f; note the even more striking difference
between the FP laser (Figs. 7.5a, 7.5b, and 7.5c) and the DFB laser (Figs. 7.5d, 7.5e,
and 7.5f). It is worthwhile to note that for a DFB laser, only a very slight degradation
is observed even at 10 GHz and at 20 km, while the FP laser is all but unfunctional
at these frequencies and distances. Note also from Fig. 7.4b to 7.5b that even at a
relatively short distance of 6 km, the actual S=N ratio of the high-speed FP laser
is, depending on the modulation frequency, between 10 and 20 dB worse than that
predicted from a standard RIN measurement alone (without an applied modulation
subcarrier and the concomitant noise transposition).
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Fig. 7.3 Interferometric phase!intensity converted noise for DFB lasers due to double Rayleigh
backscattering, for transmission through (a) 6 km and (b) 20 km of single-mode fibers, Angled
Polished Connectors (APC) are used at all fiber interfaces. (c) Result of a bad splice in the fiber
link. Vertical scale in dBm, dc photocurrent is adjusted to 1 mA in all cases. The RF output from
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Fig. 7.4 RF noise spectra of photodiode output under an applied modulation signal at +10 dBm
at 6.5 GHz. (a), (c), (e): FP laser, (b), (d), (f): DFB laser. Three cases are shown for each laser:
transmission through 1 km (a and b), 6 km (c and d), and 20 km (e and f) of single-mode fibers.
The dc photocurrent is adjusted to be 1 mA in all measurements except (e), which is at 0.43 mA.
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these measurements. The drop outs of the signal in (c) and (e) result from momentary removal of
the optical input into the photo receiver intentionally to establish a base line calibration for the
background noise level of the measurement system
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Fig. 7.5 Similar to Fig. 7.4 but at a modulation frequency of 10 GHz

7.3 Analysis and Comparison with Measurements

Two principal sources of signal-induced noise that were illustrated in the above
experiments are:

1. Transposed (from low frequencies) mode-partition noise in multimode lasers.
2. Transposed interferometric noise (also from low frequencies) in single-frequency

lasers.



7.3 Analysis and Comparison With Measurements 73

Both mode-partition noise and interferometric noise, which are essentially low-
frequency noises, are already well known and have been studied extensively [65,69–
72]. The purpose of this section is to study the transposition of these noises to
the spectral vicinity of a high-frequency modulation subcarrier applied directly to
the laser diode. The quantitative dependence of these transposed noises on signal
frequency, amplitude, and propagation length is illustrated.

7.3.1 Mode-Partition Noise and Noise Transposition
in Fiber Links Using Multimode Lasers

Even though a majority of linear fiber-optic links employ single-mode fibers, there
are situations that call for short lengths of legacy multimode fibers be used as patch
chords to complete the connection. Issues related to noise behavior in multimode
fibers should, therefore, be understood. This is the subject of this section. The well-
known deleterious effect in multimode fiber transmission is mode-partition noise,
which is a result of competition between longitudinal modes in a multimode laser.
The general properties of this noise are well known [67]. The modal noise char-
acteristics can be derived by solving a set of electron and multimode photon rate
equations driven by Langevin forces [65,72]. This yields the complete noise spectra
of each mode. If only the low-frequency portion of the spectrum is of interest (antic-
ipating that mode-partition noise does not extend to high frequencies), then one may
neglect dynamic relaxation of the electron reservoir and obtain simpler results as in
[72]. The latter approach does not suffice in the study here since one does need to
consider the high-frequency portion of the spectrum.

One can obtain closed form solutions to the mode-partition noise problem in
multimode lasers in the limit where only two modes exist, and where one mode
dominates (i.e., a nearly single-mode laser). This exercise yields insight into the
nature of mode-partition noise and its transposition to the spectral vicinity of a high-
frequency modulation subcarrier. Let S1, S2 be the power (photon density) in each
of the two modes, with S1 � S2, then an approximate solution of the total relative
intensity noise (RIN) of the optical output, after propagating through a length of
dispersive fiber, is as follows: (see Sect. 7.4)

RIN � S2 D 2Rsp.S1jA.!/j2 C S2j.1 � kei!dL/B.!/j2/; (7.1)

where S D S1 C S2 is the total optical power, Rsp is the spontaneous emission rate
into each mode, k is the relative coupling coefficient of mode 2 into the fiber (as
compared to mode 1), d is the differential propagation delay of the two modes in
the dispersive fiber, L is the length of the fiber, and
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A.!/ D i! C 1=�R

.i!/2 C i!�1 C !2
r

; (7.2a)

B.!/ D i! C 1=�R

.i!/2 C i!�2 C ı!2
r

; (7.2b)

where expressions for the corner frequencies !r , ı!r , the damping constants �1,
�2, and the effective lifetime �r can be found in Sect. 7.4. As for the significance of
these parameters, it suffices to say that !r=2� is the relaxation oscillation frequency
in the direct modulation response of the laser, which is typically in the gigahertz
range for high-speed lasers, �1 is the damping constant for the direct modulation
response which is approximately equal to !r=2 for a critically damped response
typical of high-speed lasers, while ı!r=2� is much smaller than !r=2� – typi-
cally below 1 GHz. The factor B.!/, which has a much lower corner frequency
and a much higher dc value than A.!/, constitutes the mode-partition noise. As
evident from (7.1), the effect of this mode partition is visible only if the factor
1 � k exp.i!dL/ ¤ 0, which occurs if (a) the coupling of the two modes into the
fiber (or the loss of the two modes) is not equal (k ¤ 1), and (b) dispersion becomes
significant (!dL � 0). It is also clear that a high mode rejection (defined by the
ratio S1=S2) diminishes the effect of modal noise.

Figure 7.6 plots the theoretical RIN, (7.1) and (7.2) as a function of frequency
for a high-speed laser with a 3-dB modulation bandwidth of 20 GHz, before and
after propagation through 10 km of single-mode optical fiber (SMF) with a dis-
persion of 15 ps km�1 between the two laser modes. The mode-rejection ratio
is assumed to be 10. The partial periodic structure of the RIN spectrum after
propagation through 10 km of SMF is a result of the two-mode approximation.
For lasers with multiple modes, the periodicity is largely suppressed due to the
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Fig. 7.6 Calculated mode-partition noise for a two-mode laser with a mode-rejection ratio of 10:1,
on transmission through 10 km of fiber. Fiber dispersion was assumed to be 15 ps km�1 for the two
modes under consideration
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nonuniformity of fiber dispersion as a function of wavelength. Figure 7.7 plots the
maximum noise enhancement due to fiber dispersion, as a function of fiber length,
for different mode-rejection ratios. This plot serves as a guideline for the required
mode-rejection ratios required in order that modal noise becomes insignificant when
propagated over a certain length of fiber. Mode-rejection ratios of >100 are gener-
ally not achievable on a routine basis, particularly at 1.3�m, without the use of
mode-selective structures such as DFB.

The above RIN results apply for the case where no direct modulation is applied
to the laser. When a high-frequency modulation signal is applied, it has been shown
that the low-frequency intensity noise such as that generated by mode partition is
transposed to the spectral vicinity of the signal through intrinsic intermodulation
effects in the laser diode [68]. This transposition depends on, among other things,
the modulation signal frequency and is described by a “noise transposition factor”
jT .!/j2, which is the amount of noise measured in the vicinity of the signal, when
the optical modulation depth of the signal approaches 100%, compared to that of the
low-frequency noise without the applied modulation signal. The expression is given
by [68]

T .!/ D 1

2

.i! C 
1/.i! C 
2/

.i!/2 C i!�1 C !2
r

; (7.3)

where 
1 D �1 � 1=�R, 
2 D !2
r �p C 1=�R, �p is the photon lifetime. The noise

transposition factor is plotted in Fig. 7.8, using the same laser parameters as in the
previous plots.

Define RINmod.!/ as the measured RIN near the spectral vicinity of an applied
modulation signal at frequency !, at �100% optical modulation depth. This
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Fig. 7.8 Noise transposition factor for transposition of low-frequency noise to high-frequency, as
a function of the applied modulation frequency. The optical modulation depth is assumed to be 1
in this plot

quantity is a more meaningful description of the noise characteristic of the laser
than the standard RIN when one is dealing with signal transmission with directly
modulated lasers. It is given by

RINmod.!/ D RIN.!/C jT .!/j2 � RIN.! D !max/; (7.4)

where !max is the frequency where the maximum in the low-frequency mode-
partition noise occurs (see Fig. 7.6). Using the results of Figs. 7.6 and 7.8, Fig. 7.9
plots RINmod.!/ versus frequency, for different fiber lengths. For convenience in
comparison, also included in the figure are previous cases for L D 10 km with and
without the applied modulation, for a FP laser with a mode-rejection ratio of 2,
which is similar to the laser used in this measurements. It can be seen that the
practical RIN in the spectral vicinity of the high-frequency modulation subcarrier
is enhanced to a value approximately identical to that of the low-frequency RIN
caused by mode partition. This conclusion is supported by comparing the experi-
mental results shown in Figs. 7.5b and 7.5c with that of Fig. 7.2. Included in Fig. 7.9
are data extracted from Figs. 7.4 to 7.5. The quantitative match is reasonably good
considering the simplicity of the model.

In lasers where two or more longitudinal modes have nearly identical power, it
has often been observed that a low-frequency enhancement in RIN occurs at the
laser output, even without propagating through any dispersive fiber [6]. This effect
is not explained by the standard small signal noise analysis using Langevin source
as that outlined above, unless one includes a nonsymmetric cross gain compression
between different longitudinal modes [73]. On the contrary, it is also possible that
the enhanced noise is simply a large signal effect of mode competition: in principle,
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the damping effect of gain saturation, which is responsible for the suppression of
RIN for the total power, is operative only in the small signal regime. It may well
be that when mode-partition fluctuation in each mode is large, the delayed response
in large signal situations [74] prevents instant compensation of power fluctuations
between longitudinal modes, hence an enhanced noise at low-frequencies. This
is sometimes referred to as “mode-competition noise” or “mode-hopping noise,”
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as distinct from “mode-partition noise.” Regardless of the origin of these low-
frequency noise, the transposition effect is identical to that described above. The
high-frequency RINmod.!/ will again assume a value approximately equal to that of
the low-frequency RIN.

7.3.2 Transposed Interferometric Noise in Fiber Links
Using Single-Frequency Lasers

Interferometric noise is caused by conversion of the laser phase noise into intensity
noise through interference between the laser output with a delay version of itself.
This occurs in fiber links with pairs of interfaces where double reflection can occur,
or in the absence of reflective interfaces, Rayleigh backscattering is the ultimate
cause of such reflections [71]. In the absence of any applied modulation to the laser,
this noise takes the form of a Lorentzian function, which is the result of an auto-
correlation of the optical field spectrum transposed down to DC. The spectral width
of this noise is, therefore, approximately that of the laser linewidth, in the tens of
megahertz range, whereas the intensity is proportional to the power reflectivity p of
the reflectors responsible for the interometric phase ! intensity noise conversion
[71, 75]. For Rayleigh backscattering, this reflectivity is proportional to the length
of the fiber for relatively short lengths of fibers, reaching a saturated value equal to
the inverse of the attenuation coefficient for long fibers [71, 76].

The behavior of interferometric noise when the laser is directly modulated has
been analyzed in the context of reduction of low-frequency interferometric noise
by an applied modulation at a high-frequency [75, 76]. The nature of this reduc-
tion is that the noise energy at low-frequency is transposed to the spectral vicinity
of the harmonics of the applied modulation signal due to the large phase modula-
tion associated with direct modulation of laser diodes [75]. This is desirable only
when the applied high-frequency modulation is simply used as a “dither,” while the
low-frequency portion of the spectrum is used for transmission of baseband signal
(i.e., the “information-bearing” signal). If the information is carried by the high-
frequency modulation itself, as in many microwave systems, then the transposed
noise centered at the first harmonic of the applied signal is the undesirable “signal
induced noise,” which was the subject of previous sections. Following an approach
similar to that in [75], if one assumes that the laser intensity is approximately
given by

P.t/ D P0.1C ˇ cos!t/; (7.5)

where ˇ is the optical modulation depth and P0 is the average optical power, then
the associated phase modulation is given by [65]


 D ˛

2

�
d

dt
.lnP.t//C �1P.t/=P0

�
; (7.6)
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where ˛ is the linewidth enhancement factor, �1 is the damping constant in the
direct modulation response of the laser at high operating power, as given in (7.16).
This damping constant is related to fundamental laser parameters and is dominated
by gain compression. For critically damped response common in high-speed lasers,
�1 � !r=2 where !r is the relaxation oscillation frequency. Integrating (7.6) and
neglecting higher harmonics in 
, one obtains


.t/ D ˛˛

2

p
1C .�1=!/2 cos.!t C  0/; (7.7)

where  0 D arctan.
1=!/. The electric field from the laser is E.t/ Dp
P.t/E i�.t/.
Assume the laser field is twice reflected from a pair of reflectors with power

reflectivity � separated by a distance �	 where 	 is the group velocity in the fiber.
The autocorrelation of the noise current arising from the field interfering with the
twice-reflected version is [75]:
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;

(7.8)

where R is the responsivity of the photodetector, which is assumed to be 1 from
now on, ˛0 D ˛=2

p
1C .�1=!/2, and R .ı�/ is the autocorrelation of the laser

field spectrum that constitutes the interferometric noise. After time-averaging,
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2
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!ı�

2

�
: (7.9)

Expanding the Bessel function J0 in Fourier series

RN .ı�/ D 2�P 2
0R .ı�/Œ�1 C�2 cos.!ı�/C .: : : / cos.2!ı�/C : : : �; (7.10)
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The term involving �1 is the remnant of the low-frequency interferometric noise,
while that involving �2 is the transposed interferometric noise center at the signal
frequency !.

The factor �1.< 1/ is periodic in !� and has previously been called the “noise
suppression factor” [75, 76], in reference to the benefiting effect of interferometric
noise suppression in the base band by an applied high-frequency modulation. In the
event where the applied modulation consists not just of a single tone but is of finite
bandwidth, or that the locations of the reflectors are randomly distributed as in the
case Rayleigh backscattering, the periodicity is removed [75, 76]. To evaluate these
cases exactly, one needs to involve the statistics of these random distributions [75,
76]. However, the result is not very different from that obtained simply by averaging
�1 over !��Œ0; 2�� [75].

The factor�2 is referred here as the “noise transposition factor” for interferomet-
ric noise and is also periodic in !� as in�1. Without going through the complication
of accounting for the statistics of Rayleigh backscattering [76], approximate results
can be obtained by simply averaging�2 over!��Œ0; 2��. This averaged noise trans-
position factor N�2 is plotted in Fig. 7.11 as a function of optical modulation depth ˇ,
at various modulation frequency !. In the limit of ˇ ! 1, the lower value of N�2 at
low frequencies is a result of a higher effective phase modulation index (˛0).
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Fig. 7.11 Signal-induced noise transposition factor, � , as a function of modulation frequency
and optical modulation depth of the signal, for interferometric phase!intensity noise in DFB
laser links
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To obtain the effective RIN under modulation (RINmod) like those shown in
Fig. 7.9, assume that the Fourier transform of R.ıt/, which is the interferometric
noise, is a Lorentzian with linewidth �. The power spectral density at DC is 1=�.
The RIN of the transposed noise at the modulation signal frequency is, therefore,
from (7.10),

RINmod D p
�.!; ˇ D 1/

�
C RIN.!/

C F:T:.R.ı�//; (7.12)

where RIN.!/ is the intrinsic intensity noise of the laser, and F:T: denotes Fourier
transformation. Furthermore, one can use the previously derived [71] relation
between the Rayleigh reflection coefficient � and the fiber length:

�2 CW 2

�
L

2�
C 1

4˛2
.1 � e�2�L/

�
; (7.13)

where � is the attenuation of the fiber per unit length, W is the “Rayleigh reflec-
tion coefficient per unit length,” a constant that depends on fiber characteristics
and typically takes on a value of 6 � 10�4 [71]. Using these results, one can plot
in Fig. 7.12 the spectrum of RINmod for fiber lengths of 10 and 20 km, assum-
ing � D 20MHz typical of a DFB laser. Observe that the signal-induced noise
in this case does not appreciably increase the high-frequency RIN value even for
fiber lengths up to 20 km. Also shown in Fig. 7.12 are data points extracted from
measurement results, Figs. 7.4 and 7.5. There is a good match between theory and
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experiment, in particular note that at 20 km the high-frequency signal-induced noise
is approximately 3 dB below that of the low-frequency interferometric noise (com-
pare Figs. 7.5f and 7.3b), which is the value given by N�2 shown in Fig. 7.11. One
should also contrast these results for DFB lasers (Fig. 7.12) to that of FP lasers
(Fig. 7.9). The superiority of the former is evident.

7.4 Mode-Partition Noise in an Almost Single-Mode Laser

This section summarizes an approximate derivation of mode-partition noise in a
two-mode laser where one of the modes dominates. The approach is a standard one
using multimode rate equations [65], and the results are simplified using a two-
mode approximation with one dominant similar to that in [73]. Let Si be the photon
density in the i th longitudinal mode. The multimode rate equations are [65]:

dN

dt
D J

ed
� N

�s

� 	
X

i

gi .N /Si C FN .t/; (7.14a)

dSi

dt
D 	
 gi .N /Si � Si

�p

CRsp C FSi
.t/; (7.14b)

where N is the carrier density, 
 is the optical confinement factor, J is the pump
current density, d the thickness of the active region, �s is the recombination lifetime
(radiative and nonradiative) of the carriers, �p is the photon lifetime, gi .N / is the
optical gain of the i th mode as a function of the carrier density, expressed in cm�1,
	 is the group velocity, Rsp is the spontaneous emission rate into each mode, and e
is the electronic charge. FN .t/ and FSi

.t/ are Langevin noise sources driving the
electrons and the modes; their correlation characteristics have been derived in detail
[77–79]. The form of optical gain is assumed to be

gi .N / D g0
i0.N �N0/.1 � 	�Si /; (7.15)

where � is the gain compression parameter,N0 is the transparency electron density,
and g0

i0 assumes a parabolic gain profile near the gain peak. Note that cross-
compression terms between different longitudinal modes were neglected. Its effects
has been studied previously [73] and is shown to produce a low-frequency “mode-
hopping noise” in situations where two or more longitudinal modes have almost
equal power. The noise spectra are obtained by a small signal solution of (7.14),
using the proper Langevin correlation characteristics. In the case of a nearly single-
mode laser (S1 � S2), one can obtain the noise spectra in closed (albeit approxi-
mate) form in an approach similar to that used in [73]:

s1.!/ D Fs1
.!/A.!/ � Fs2

.!/B.!/; (7.16a)

s2.!/ D Fs2
.!/B.!/; (7.16b)
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where s1.!/, s2.!/ are Fourier transforms of the small signal modal fluctuations,
A.!/ and B.!/ are given by (7.2), with the following parameters:

�1;2 D Rsp

S1;2

C 1

�R

C 	�S1;2; (7.16c)

!2
r � g0

1S1=�p; (7.16d)

ı!2
r D

�
Rsp

S2

C 	�S2

�
1

�R

; (7.16e)

�R is the effective carrier lifetime (stimulated and spontaneous), Fs1
.!/, Fs2

.!/

are Fourier transforms of the Langevin noise driving the respective modes, with the
following correlation relations [79]:

hFsi
.!/F �

sj
.!/i D 2RspSiıij: (7.17)

It has been assumed, as is customarily the case, that the Langevin force driving the
electron reservoir (FN .t/) is negligible.

The small signal fluctuation of the total power after propagating through a
dispersive fiber is

s.!/ D s1.!/C s2.!/e
i!dL; (7.18)

where d and L are the differential delay between the two modes per unit length and
fiber length, respectively. The RIN is given by

RIN � .S1 C S2/
2 D hs.!/s�.!/i (7.19)

which can be evaluated using the correlation relation (7.17). The result is given in
(7.1) in Sect. 7.3.1.

7.5 Conclusion

A quantitative comparison is made, both theoretically and experimentally, of signal-
induced noise in a high-frequency, single-mode fiber-optic link using directly mod-
ulated multimode (Fabry–Perot) and single-frequency (DFB) lasers. It is clear that
the common practice of evaluating the signal-to-noise performance in a fiber-optic
link, namely, treating the various sources of noise independently of the modulation
signal, is quite inadequate in describing and predicting the link performance under
real-life situations. This type of signal-induced noise arises from mode partitioning
in Fabry–Perot lasers and interferometric phase-to-intensity noise conversion for
links using DFB lasers, the former induced by fiber dispersion and the latter by fiber
reflection caused by Rayleigh backscattering (assuming no bad splices in the fiber
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link). Both of these effects increase with fiber length, and so does the signal-induced
noise brought about by these effects. Both of these types of noise concentrate at low
frequencies so that a casual observation might lead to the conclusion that they are
of no relevance to high-frequency microwave systems. Experimental observations
described above indicate that this is not the case even for narrowband transmission
at high frequencies through moderate lengths of fiber, FP lasers are unacceptable
not just from the transmission bandwidth limitation due to fiber dispersion, but also
from the detrimental effect of signal-induced noise due to mode partitioning. For
example, degradation in S=N performance is already significant in transmission of
a 6-GHz signal over only 1 km of single-mode fiber. With DFB lasers, there is no
degradation of the S=N performance for transmission at 10 GHz even up to 20 km.



Part II
Direct Modulation of Semiconductor

Lasers Beyond Relaxation Oscillation



Chapter 8
Illustration of Resonant Modulation

The previous chapters in Part I of this book discussed the present understanding of
direct modulation properties of laser diodes with particular emphasis on modula-
tion speed. A quantity of major significance in the small-signal modulation regime
is the �3 dB modulation bandwidth, which is a direct measure of the rate at which
information can be transmitted by intensity modulation of the laser. However, one
can obtain a large modulation optical depth (in fact, pulse-like output) at repetition
rates beyond the �3-dB point by driving the laser with sufficient RF drive power
to compensate for the drop-off in the modulation response of the laser. This tech-
nique is very useful in generating repetitive optical pulses from a laser diode at a
high repetition rate, although the repetition rate itself has no significance in terms
of information transmission capacity of the laser. A means to reduce the RF drive
power required for modulating the laser to a large optical modulation depth at high
repetition rate is the technique of “mode locking”. The laser diode is coupled to an
external optical cavity whose round-trip time corresponds to inverse of the modula-
tion frequency applied to the laser diode. The modulation frequency in this scenario
is limited to a very narrow range near the “round-trip frequency” (defined as inverse
of the round trip time) of the external cavity. An example of this approach used
a LiNbO3 directional coupler/modulator to produce optical modulation at 7.2 GHz
[80]. Another example involved coupling the laser diode to an external fiber cavity
[81], which produced optical modulation up to 10 GHz. Chapter 4 describes exper-
imental work that extended the small-signal �3 dB direct modulation bandwidth of
a solitary laser diode to �12 GHz using a “window” buried heterostructure laser
fabricated on semi-insulating substrate (BH on SI) [27].

This chapter describes results of modulation of this “window BH on SI” laser
at frequencies beyond the �3-dB point, in both the small-signal and large-signal
regimes. It is described below that lasers operating in this mode can be used as a
narrowband signal transmitter at frequencies beyond the �3-dB point (or relaxation
oscillation frequency), with a reasonably flat response over a bandwidth of up to
�1GHz. The response of the original solitary laser at this frequency range is sub-
stantially lower than that in the baseband range (i.e., at frequencies < relaxation
resonance) and consequently high-power RF drivers are necessary to attain a suf-
ficient optical modulation depth for communications purpose. It was found that a
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weak optical feedback from an external optical cavity can boost the response by a
substantial amount over a broad frequency range around the round-trip frequency of
the external cavity. A strong optical feedback produces a sharp spike in the response
of the laser at the round-trip frequency of the external cavity (hereafter called “on-
resonance”). Under this condition, picosecond optical pulses can be generated by
applying a strong current modulation to the laser on resonance, which can be inter-
preted as active mode locking [82] of the longitudinal modes of the composite cavity
formed by the coupling of the laser diode and the external cavity.

The laser used in this experiment was a GaAs/GaAlAs “window BH on SI”
laser described in Chap. 4. The length of the laser is 300�m, with an active region
dimension of 2�m � 0:2 �m. The presence of the transparent window near the end
facet alleviates the problem of catastrophic damage and enables the laser to operate
at very high optical power densities. The tight optical and electrical confinement
along the length of the laser cavity (except at the window region) enables maxi-
mum interaction between the photon and electrons to take place and results in a
very high direct modulation bandwidth. The small-signal modulation bandwidth of
this device biased at an optical output power of 10 mW is shown as the dark solid
curve in Fig. 8.1. Here, the “small-signal” regime is loosely defined as that when the
modulation depth of the optical output is .80%. The �3-dB bandwidth, as shown in
Fig. 8.1, is 10.3 GHz. The response drops to �10 dB at �13.5 GHz and to �20 dB
at 18 GHz. The falloff in the modulation response is due to a combination of the
intrinsic laser response and effects due to parasitic elements. A detailed examina-
tion of the modulation response characteristic shows that in a 1-GHz band, centered
at 16 GHz. The response is relatively flat over the 1-GHz band (to within ˙2 dB)
and is within ˙1 dB over a 100-MHz bandwidth. It is, thus, possible to use this laser
as an optical transmitter operating in a narrow bandwidth in the upper X-band range.

The intrinsic modulation response (i.e., that of the laser diode without the exter-
nal fiber cavity) in Fig. 8.1 shows that at 16 GHz, the response is approximately
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Fig. 8.1 Small-signal modulation response of a window BH on SI laser: (a) intrinsic laser response
(dark solid curve); (b) weakly coupled to an external fiber cavity (dotted curve), and (c) with
increased coupling (light solid curve). (From [83], © 1985 AIP. Reprinted with permission)
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13 dB below the baseband value. (The small peak in the modulation response
at around 16 GHz is probably due to electrical reflection arising from imperfect
impedance matching of the laser.) It was found that this loss in modulation effi-
ciency can be partially compensated for by coupling the laser to an external optical
cavity of the appropriate length, namely, that which corresponds to the “round-
trip frequency.” In this experiment, the external cavity was composed of a short
length (6.3 mm) of standard graded index multimode fiber of 50-�m core diameter
[81, 84], with a high refractive index hemispherical lens attached to one end of the
near end of the fiber to facilitate coupling. The far end of the fiber is cleaved, but not
metalized. The amount of optical feedback into the laser in this arrangement was
estimated to be below 1% and produces no observable reduction in lasing threshold
or differential quantum efficiency. The feedback, however, induces a broad reso-
nance in the frequency response at �16GHz – the round-trip frequency of the fiber
cavity – as shown by the dashed curve in Fig. 8.1. The full width of the resonance is
about 1.5 GHz, measured at the upper and lower �3-dB points. At the peak of the
resonance, the modulation efficiency is enhanced by �10 dB as compared to that of
the laser without the fiber external cavity. The �3-dB bandwidth of the resonance is
approximately 1.5 GHz.

In a separate experiment, the far end of a fiber was cleaved and butted to a gold
mirror (with index-matching fluid in the small gap between the fiber facet and the
gold mirror). This induced a very sharp resonance in the modulation response of
the laser, as shown by the light solid curve in Fig. 8.1. When the laser is driven on
resonance by a microwave source with an RF drive power of �6 dBm, the optical
output is not fully modulated, and the laser operates in the small-signal regime. As
the microwave drive power is increased to >10 dBm, the optical modulation depth
approaches unity, and the optical waveform becomes pulse-like. The detailed char-
acteristics of the optical pulses cannot be resolved by the photodiode, whose output
appears to be sinusoidal, since only the fundamental frequency (17.5 GHz) of the
modulated laser light can be detected with reasonable efficiency. Figure 8.2 shows
optical Second Harmonic Generation (SHG) autocorrelation traces of the laser out-
put under two microwave drive power levels, at C4 dBm and at C14 dBm. The first
trace (at C4 dBm drive) is sinusoidal in shape, implying that the optical waveform
is also sinusoidal and that the optical modulation depth is less than unity. The latter
case (b) clearly indicates the pulse-like behavior of the optical output, with a full
width at half-maximum (FWHM) width of 12.4 ps (inferred from the FWHM of
the autocorrelation trace, assuming a Gaussian pulse shape). This, in effect, is active
mode locking of a laser diode at a repetition rate of 17.5 GHz. The spectrum of the
laser consists of a large number (�7) of longitudinal modes of the laser diode, since
there is no frequency selective element (such as an etalon) in the external cavity.
The width of the individual mode is mainly determined by frequency chirping due
to heavy carrier modulation and does not seem to correspond to the transformed
value of the optical pulse width.

There is a subtle but important difference between short optical pulse generation
by large signal modulation of a solitary laser diode and by active mode locking. In
the former case, each optical pulse builds up from essentially spontaneous emission
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noise and therefore pulse-to-pulse coherence is very poor or nonexistent. In the lat-
ter case, each pulse builds up (at least partially) from stimulated emission of the
previous optical pulse returning from a round-trip tour of the external cavity, and
hence, successive optical pulses are coherent to each other. However, the autocorre-
lation traces of Figs. 8.2a and 8.2b show that pulse-to-pulse coherence is quite poor

25ps

25ps

17.5ps

FWHM

a

b

Fig. 8.2 Autocorrelation of the optical output of the window BH on SI laser coupled to an external
fiber cavity under (a) 4-dBm microwave drive and (b) 14-dBm microwave drive at 17.5 GHz. (From
[83], © 1985 AIP. Reprinted with permission)
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in the output of these very high-rate actively mode-locked lasers. This is most likely
due to:

(a) The large amount of frequency chirping due to variations in the refractive index
of the laser material at such high modulation frequencies [85, 86].

(b) The relatively small feedback from the external cavity.

The above experiments demonstrated that suitably constructed high-speed laser
diodes can be used as narrowband signal transmitters in the Ku band frequency
range (12–20 GHz). The modulation efficiency can be increased considerably by a
weak optical feedback to the laser diode. A stronger optical feedback enables one
to actively mode-lock the laser diode at a high repetition rate of up to 17.5 GHz,
producing pulses �12 ps long. Short optical pulse trains at very high repetition rates
have been suggested for use as an optical frequency comb standard for locking the
wavelengths of laser transmitters in a Dense Wavelength Division Multiplexed sys-
tem. Furthermore, the above mode-locking experiment points to a possible means
of modulation of an optical carrier by narrowband microwave signals beyond the
limit imposed by the classic relaxation oscillation limit. It is shown in Chap. 9 that
this concept can be extended to millimeter-wave frequencies.

Furthermore, the experimental results described in Chap. 10 show that this modu-
lation scheme does has sufficient analog fidelity for meaningful signal transmission
in the millimeter-wave range. It is ironic that the scheme described above is easier
to implement in practice in the millimeter-wave range than at lower frequencies,
since the higher-frequency range necessitates a shorter optical cavity to the extent
that at frequencies of >�50–60 GHz, monolithic laser devices can be used without
the need for a cumbersome external optical cavity, which invariably complicates the
task of reliable packaging.



Chapter 9
Resonant Modulation of Monolithic Laser
Diodes at Millimeter-Wave Frequencies

Most millimeter wave systems (>�70GHz) operate in a relatively narrow band-
width albeit at frequencies much above the presently attainable direct modulation
bandwidth of laser diodes. In this chapter, it is shown that through the use of active
mode locking technique [87] efficient direct optical modulation of semiconductor
lasers at frequencies up to and beyond 100 GHz is fundamentally possible. In the
present literature, the term “mode-locking” is synonymous with short-pulse gener-
ation, in which many longitudinal modes are locked in phase. Here, it is used in
a more liberal sense to encompass effects resulting from the modulation of a laser
parameter at the inter-longitudinal modal spacing frequency, which is identical to
the “round-trip frequency” defined before in Chap. 8, even when it results in the
phase locking of only a small number of modes (2–3).

Previous efforts on passive and active mode-locking laser diodes, with [83, 89–
91] or without [92] external cavities, have approached frequencies slightly below
20 GHz. To ascertain the fundamental limit to which the highest frequency which
mode-locking can take place, the active mode locking process is first analyzed using
a self-consistent approach [93], as shown in Fig. 9.1a, in which the gain modulation
is not treated as a prescribed entity as in standard analysis [94], but which interacts
with the optical modulation resulting from it [93]. To begin, assume that the electron
density varies sinusoidally in time with a frequency of ˝:

N D n0 C 2n cos˝t (9.1)

This is anticipation of only a small number of participating modes at high frequency
mode-locking. Three modes are included in the analysis with amplitudes A0 and
A˙1. The mode-coupling equations are [94, 95]

A0

�
� 1

2�p

C n0G

2

�
D �nG�

2
.A1 C A�1/ (9.2)

A1

��
iı � 1

2�p

�
.1C b2/C n0G�

2

�
D �nG�

2
A0 (9.3)

A�1 D A�
1 (9.4)
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Fig. 9.1 (a) Self-consistent interpretation of active mode locking by current modulation of a semi-
conductor laser, (b) Self-consistent interpretation of passive mode locking similar to that in (a).
(From [88], © 1988 AIP. Reprinted with permission)

where G is the optical gain constant, �p is the photon lifetime, b2 is the gain dif-
ference between the central mode 0 and the neighboring ˙1 modes, ı D ˝ ��!,
where �! is the frequency spacing between modes, and

� D
Z

u0.z/u˙1.z/w.z/ dz

is a geometric overlap factor, where w.z/ and ui .z/s are the spatial profiles of the
modulated active medium and the optical modes, respectively. It is well known in
analysis of conventional mode-locking analysis [94, 95] that if the electron density
modulation is distributed evenly in the cavity, then orthogonality between different
longitudinal modes leads to � ! 0 and no mode locking occurs. In fact, a general
criterion for obtaining short optical pulses in mode locking is that the spatial dis-
tribution of the modulated portion of the active media be smaller than the physical
extent of the optical pulse width, which explains the need for thin dye jets for fem-
tosecond mode-locked dye lasers. In the situation under consideration here, where
sinusoidal optical modulation at the round-trip frequency is the intended outcome,



9.1 Active Mode-Locking 95

so that the active modulating section should not extend beyond approximately half
of the cavity length. Under this circumstance, the electron density can be reasonably
approximated by a spatially averaged quantity. Substituting (9.3) and (9.4) into (9.2)
results in

x3 C x2b2 C x

"
4.1C b2/2ı2�2

p � 2
�
�n

nth

�2
#

C 4.1C b2/2ı2�2
pb

2 D 0; (9.5)

where

x D n0=nth � .1 � b2/; nth D 1=G�p (9.6)

The mode amplitudes are given by

A1 D A��1 D �A0�n=nth

2iı�p C x
: (9.7)

The optical power output from the laser is proportional to the square of the field and
is denoted as S :

S D A2
0 C jA1j2 C jA�1j2 C A0.A1 C A��1/e

i˝t C c:c:


 S0 C sei˝t C c:c: (9.8)

9.1 Active Mode-Locking

The optical modulation interacts with the electron density via the rate equation

PN D J

ed
� N

�s

�GP0.1C p cos˝t/N; (9.9)

where J D J0 C j1 exp i˝t is the pump current density, �s, is the spontaneous
lifetime, and P0 D �0S0=2„! is the photon density. In the limit of zero detuning
(ı D 0), the optical modulation depth p can be obtained from (9.5), (9.6), (9.7),
(9.8):

p D 2jsj
S0

D 2�
n

nth

1

b2
; (9.10)

where a small modulation condition (p � 1) is assumed. The gain difference
between the modes (b2) is a function of the frequency separation between them and
assuming a parabolic gain profile centered at mode number 0, b2 D .�!=!L/

2,
where !L is the width of the gain spectrum. A small-signal analysis of (9.9) with
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(9.10) gives the optical modulation response as a function of �!:

p.�!/ D G�pj1=ed

GP0 C .�!2=2�!2
L/.i�! C 1=�s/

: (9.11)

The corner frequency of this function occurs at .2�GP0!
2
L/. Using a typical value

of !L D 2;500GHz (which corresponds to a value of b2 D 2 � 10�3 for a
standard 300�m cavity), assuming � D 1=3, and GP0 is the inverse stimulated
lifetime D 1=.0:5 ns/, the corner frequency for p.�!/ is 94 GHz. The underlying
reason for this very high frequency response can be found in (9.10). This relation
shows that with a typically small value of b2 encountered in semiconductor lasers,
it is extremely easy for an electron density modulation to excite the side modes
and hence results in an optical modulation (as long as the modulation frequency is
nearly equal to the cavity mode spacing). The differential gain constant G is thus
effectively amplified by a factor 1=b2, resulting in an extremely small equivalent
stimulated lifetime which contributes to the high speed. The above results are based
on a small-signal assumption, p� 1. It can be shown that as p! 1 the available
bandwidth will be substantially reduced so that short pulses generation is much
harder than generating sinusoidal modulation at millimeter wave frequencies.

For finite detuning, one obtains from (9.5), (9.6), and (9.7)

A1 D �.n=nth/A0

.1 � 2iı�p/.1C b2/ � 1 D �.n=nth/A0

b2 � 2i�pı
: (9.12)

The overall modulation response is shown in Fig. 9.2. The low-frequency portion is
the usual direct modulation response of injection lasers. When modulated exactly
at the cavity round-trip frequency �!, the optical response depends on the value
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Fig. 9.2 Overall modulation response of an injection laser over the entire frequency range from
baseband to beyond the inter-cavity-modal frequency. (From [88], © 1988 AIP. Reprinted with
permission)
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of �! as given by (9.11), represented by the dotted curve in Fig. 9.2. When the
modulation frequency is detuned away from the cavity round-trip frequency, the
response drops as a Lorentzian as given by (9.12).

The above analysis shows that there is basically no fundamental difficulty to
produce sinusoidal optical modulation at the cavity round-trip frequency of up to
100 GHz if electrical parasitics were not a factor. This would be the case if the
modulation is internally applied – i.e., passive mode locking using an intracavity
saturable absorber – to be described in the next section. In this case, a weak, exter-
nally applied signal can serve to injection lock the self-optical modulation rather
than creating the modulation itself.

9.2 Passive Mode-Locking

Assume that the intracavity absorber is formed by inhomogeneous pumping of a
section of the laser diode. A self-consistent approach for passive mode locking,
which is parallel to that of active mode locking, is shown in Fig. 9.1b. In the presence
of an absorber, one can define an equivalent electron density modulation n (similar
to that used in the active mode-locking analysis above) such that nG� equals the net
gain modulation:

nG�

�
D n

nth�p

�
D ngGgfg � naGafa; (9.13)

where ng and na are the gain and absorber population modulation amplitudes gov-
erned by rate equations similar to (9.9), Gg=a are the differential gain/absorption
constants, and fg=a are geometric weighing factors. In the absence of externally
applied modulation, the gain/absorption population modulation amplitudes are pro-
portional to the optical modulation via

ng D �Ggng0

i˝ C 1=�g CGgS0

s;

na D �Gana0

i˝ C 1=�a CGaS0

s; (9.14)

where the �’s are the spontaneous lifetimes and ng0=a0 are the saturated steady-state
electron densities in the gain/absorber regions. The optical modulation s is related
to n via (9.5), (9.6), (9.7), and (9.8), so that (9.13) constitutes a self-consistent con-
dition from which one can obtain ı and x, and subsequently the optical modulation
amplitude. The result is

p D
vuut2

"
1�

�
˝2

2 r .˝/!
2
L

�2
#

(9.15)
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Fig. 9.3 Optical modulation depth of a passively mode-locked semiconductor laser as a function
of cavity round-trip frequency (inverse of the cavity round-trip time). The parameters used are
g0=gth D 20, a0=gth D 19:5, and Ga=Gg D 5=3. (From [88], © 1988 AIP. Reprinted with
permission)

where  r .˝/ is the real part of the net gain modulation response [right-hand side
of (9.13) normalized by s].

Figure 9.3 shows a plot of the optical modulation depth p as a function of pas-
sive mode-locking frequency ˝ . At low frequencies, the optical modulation depth
equals

p
2 and corresponds to the state when equal amount of power resides in

the main mode as in the sum of both side bands. The apparent >100% modulation
depth occurs because in (9.8) only the first harmonic is included, but for the purpose
here it is sufficient to know that it is possible in theory to obtain optical modulation
close to 100% up to very high frequencies until the cutoff point. A detailed anal-
ysis shows that the cutoff frequency depends on the amount of absorber and, most
important, the ratio Ga=Gg . The maximum cutoff frequency for Ga=Gg D 5=3 is
f Ñ 40GHz, whereas for Ga=Gg D 5=1 it can extend to &160GHz, while for
Ga=Gg < 1 mode locking is not possible, a well-known conclusion from the stan-
dard time domain theory [96–98]. The higher ratios can be realized in a saturable
absorber with low saturation power, and can be attained with an inhomogeneously
pumped single quantum well laser structures [99].

An experimental demonstration of ultra-high frequency passive mode-locking
[100] is shown schematically in Fig. 9.4, in which a 250�m long laser diode where
the top contact was segmented into three parts, with the middle section reverse
biased, thus acting as an absorber, while the two end sections are forward biased
thus provide gain for the device. The fast optical output from this device was
observed with an optical Second Harmonic Generation (SHG) autocorrelation appa-
ratus, which yields the time domain autocorrelation of the optical field output from
the laser. If the optical field (intensity) output were of well-isolated periodic opti-
cal pulses, the SHG trace should look likewise. The width of optical pulses can be
inferred from the width of the pulses in the SHG trace. On the other hand, if the
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Fig. 9.4 Schematic diagram of a monolithic passively mode-locked laser (right), measured second
harmonic autocorrelation trace of the optical output (left), showing almost sinusoidal intensity
variation at �350GHz. (From [100], © 1990 AIP. Reprinted with permission)

optical output from the laser assumes more of a sinusoidal variation in time, the
SHG trace will resemble more of a sinusoidal shape, the period of the sinusoid-like
SHG trace gives the frequency of the sinusoidal intensity output from the laser. In
the case illustrated in Fig. 9.4, the frequency of the optical intensity oscillation was
observed to be �350GHz, which corroborates well with the round-trip transit time
of the 250�m long laser cavity. This is a strong evidence of passive mode-locking
as discussed in Sect. 9.2 above. However, the SHG trace as reported does not have
the characteristic of distinct pulses, but rather that of a sinusoidal oscillation. This
is evident that the optical output from the laser is sinusoidally modulated rather
than consists of distinct pulses, which is not expected at such a high mode-locking
frequency of 350 GHz.



Chapter 10
Performance of Resonant Modulation
in the Millimeter-Wave Frequency Range:
Multi-Subcarrier Modulation

Optical transmitters capable of efficiently transporting several millimeter-wave
(mm-wave) subcarriers to/from fiber-fed antenna sites in indoor/outdoor mm-
wave mobile/point-to-point wireless networks are of considerable importance in
mm-wave free space links [101, 102]. Future deployment of a fiber infrastructure
in these systems rests primarily upon the availability of low-cost mm-wave opti-
cal transmitters. Optical transmission of a single narrowband (50 Mb s�1) channel
at 45 GHz was demonstrated using resonant modulation of an inexpensive, con-
ventional semiconductor laser with a baseband direct modulation bandwidth of
<5GHz [103]. It was shown that this technique provides a means of building
simple, low-cost, narrowband (<1GHz) mm-wave subcarrier optical transmitters
for frequencies approaching 100 GHz. In this chapter, the multichannel analog and
digital performance of these transmitters at a subcarrier frequency of �40GHz are
described. Two-tone dynamic range is characterized in detail as a function of bias
to the laser, and a maximum dynamic range of 66 dB-Hz�2=3 is found. Although
this is modest by conventional, say, CATV standard, it is adequate for serving a
typical indoor picocell with a 40 dB variation in received RF power for a per-user
voice channel bandwidth of 30 kHz and a carrier-to-interference ratio of 9 dB. A
multichannel system implementation of resonant modulation is also presented in
which two signals centered around 41 GHz operating at 2.5 Mb s�1 BPSK are trans-
mitted over 400 m of single mode optical fiber. The required RF drive power to
the laser to achieve a bit-error-rate (BER) of 10�9 for both channels transmitting
simultaneously is measured to be<5 dBm per channel. Based on these transmission
results and by taking advantage of conventional wireless time-division multiplexing
techniques in which up to eight users can share a single channel [104], these mm-
wave links are potentially adequate in remoting signals from an antenna serving up
to 16 mobile users in an indoor environment.

The setup used to perform two-tone measurements and multichannel digital
transmission test of the mm-wave optical transmitter is illustrated in Fig. 10.1. The
laser used was a GaAs quantum-well laser with a cavity length of �900�m and
emitting at 850 nm. First, the small-signal modulation response at the cavity round-
trip frequency is measured. The modulation signal is delivered to the laser with
the aid of a single-section microstrip matching circuit having a response shown in
Fig. 10.2. The matching circuit reduces the reflection coefficient S11 of the laser to

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 10,
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Fig. 10.1 Setup to measure the modulation response at 41 GHz, perform two-tone measure-
ments, and characterize the digital performance of the transmitter (a multi-contact but otherwise
conventional laser diode). (From [105], © 1995 IEEE. Reprinted with permission)
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(From [105], © 1995 IEEE. Reprinted with permission)

�15 dB at 41.15 GHz as measured. Modulation response around 41 GHz is shown
in Fig. 10.3 for several bias conditions. By simply adjusting the bias to the laser,
a higher modulation efficiency is achieved at the expense of passband bandwidth
[103]. At a modulation efficiency of �5 dB (relative to that at dc), the passband
bandwidth is �200MHz.

For dynamic range measurements, two mm-wave tones from two Gunn oscilla-
tors operating at 41 GHz and separated by �1 MHz are electrically power-combined
and delivered to the laser. Electrical isolation between the oscillators is >30 dB.
The light emitted from the laser is sent through 400 m of single-mode fiber where
it is detected, amplified, downconverted to IF and observed on a spectrum ana-
lyzer. The resulting dynamic range plots are shown in Fig. 10.4. A comparison of
Figs. 10.3 and 10.4 reveals a trade-off between modulation efficiency and dynamic
range. A maximum dynamic range of 66 dB-Hz�2=3 is obtained for this laser. Note
that the IP3 point is comparable to that below relaxation oscillation (�10 dbm). At
a higher modulation efficiency, the dynamic range is reduced to �58 dB-Hz�2=3

because of the increased, resonantly enhanced noise. For homogeneous bias, the
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distortion level is lower (for the same drive power), but the corresponding high level
of noise leads to a low dynamic range (58 dB-Hz�2=3). The insets show the mea-
sured intermodulation products for each bias condition at an electrical drive power
per channel of �6 dBm. No difference was observed when the dynamic range mea-
surements were repeated for the same bias conditions in the absence of the 400 m
of fiber, which suggests the dynamic range was limited by the laser. Improvement
in the dynamic range can be achieved (at the expense of modulation efficiency) by
incorporating intracavity frequency selective elements such as gratings or coupled
cavities [106].

Next, the performance of the transmitter modulated by two binary-phase
shift-keyed (BPSK) subcarrier channels is ascertained. The laser is biased for
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a modulation efficiency of �0 dB (relative to dc), a passband bandwidth of
�200MHz, and emitting an optical power of �2mW. Two channels each transmit-
ting pseudorandom (29 � 1) return-to-zero data at 2.5 Mb s�1 are upconverted to
41 GHz using a Q-band waveguide mixer and power combined to modulate the laser.
The signals are transmitted over 400 m of single-mode fiber. At the receiver, the
signals are down-converted to baseband, amplified and sent to an error-rate tester.
The BER versus electrical drive power of channel 1 (centered at �41:15GHz) is
first measured with channel 2 (centered at �40:95GHz) turned off as shown in
Fig. 10.5. The RF power required to achieve a BER of 10�9 for this single channel
is �2:5 dBm. With channel 2 activated, an additional 2 dB of RF power (power
penalty) is required to keep channel 1 operating at 10�9. Likewise, the drive power
required for channel 2 to operate at 10�9 in the presence of channel 1 is 5 dBm.
The difference in RF power between the channels for 10�9 operation stems from
injection-locking effects which occur under higher RF drive power. Injection lock-
ing at channel 1 leads to a higher level of noise at channel 2, as illustrated in the inset
of Fig. 10.4. At lower drive powers, both channels act independently as evidenced
by the convergence of the BER curves at low drive powers.

The above sections have demonstrated the multichannel analog and digital per-
formance of mm-wave optical transmitters based on resonant modulation of mono-
lithic semiconductor lasers, and have established their feasibility as narrowband
optical transmitters in fiber links serving remote antennae in indoor mm-wave
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wireless microcells. A two-tone dynamic range of 66 dB-Hz�2=3 was obtained at
a cavity round-trip frequency of 41 GHz and was limited by the high level of noise.
Optical transmission over 400 m of fiber of two simultaneous 2.5 Mb s�1 channels
centered 41 GHz and operating at <5 dBm RF drive power per channel at a BER of
10�9 was also demonstrated.



Chapter 11
Resonant Modulation of Single-Contact Lasers

Chapters 9 and 10 describe in detail the concept and performances of narrow-band
subcarrier modulation of a laser diode at mm-wave frequencies based on the con-
cept of mode-locking, alternatively known as “resonantly-enhanced modulation”
(or simply “resonant modulation” for short). This technique is useful in applications
where optical fiber is used for the remote transport of millimeter wave (>30GHz)
signals for phased-array antenna systems [107] and wireless personal communica-
tion networks [101]. Because of the fact that efficient longitudinal mode-coupling
requires inhomogeneous modulation of the laser cavity in the longitudinal spa-
tial dimension, previous demonstrations of monolithic resonant modulation such as
those described in Chap. 10 were performed using split(multi)-contact laser diodes.
Although the fabrication of a multi-contact structure itself is neither difficult nor
intricate, the increased complexity is undesirable – considering the fact that it does
require a non-standard fabrication process; rendering them unsuitable for seam-
less integration into a standard telecom laser fabrication line. Recent measurements
of millimeter-wave propagation along the contact stripe of a semiconductor laser
showed a high attenuation (�60 dB/mm at 40 GHz) of the signal along the laser
stripe [108]. In this chapter, it is demonstrated that the confinement of high fre-
quency modulation current resulting from the high signal attenuation along the
length of the laser stripe can be utilized to achieve resonant modulation at 40 GHz of
a standard single contact monolithic semiconductor laser. This concept is illustrated
schematically in Fig. 11.1 for a ridge waveguide structure. The injected modulation
current is confined to a local region near the feed point, resulting in a (longitudi-
nally spatial) partial modulation of the laser cavity. The experimentally measured
modulated light output and the small signal response of the laser device at two dif-
ferent feed points along the stripe of a semiconductor laser are shown in Fig. 11.2. In
Fig. 11.3, a maximum modulation efficiency (on-resonance at �40 GHz) of �20 dB
(relative to that at baseband) can be observed. Also, using a simple distributed cir-
cuit model of the laser in conjunction with conventional mode-locking theory, the
characteristics and limitations of this technique are investigated.

The device used for the measurements is an InGaAs ridge waveguide laser with
three quantum wells. The ridge structure is 4�m wide, and the ground plane con-
tacts are located 80�m on both sides of the laser stripe. Although the device

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 11,
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Fig. 11.1 Illustration of a single contact mode-locking experiment. A microwave probe is used to
modulate the device at a particular feed point which leads to a partial modulation of the laser cavity
(From [109], © 1995 AIP. Reprinted with permission)
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Fig. 11.2 Measured streak camera traces of the modulated light output from the single contact
device at 40 GHz for two different microwave probe positions along the cavity (From [109], ©
1995 AIP. Reprinted with permission)

geometry is not perfectly coplanar, the 6�m difference in height between the
ridge and ground plane is small enough that a coplanar (ground-signal-ground)
40 GHz bandwidth probe can be used to inject signals into the device. For a cleaved
length of �1,000�m, the laser has a threshold current of 37 mA. In the first set
of experiments, the optical output of the laser under millimeter-wave modula-
tion was observed with a streak camera. The rf modulation was provided by a
quadrupled 10.1 GHz synthesizer output, resulting in a 40.4 GHz signal driving the
coplanar millimeter-wave probe. The streak camera was operated in synchroscan
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when modulation current is applied uniformly over the length of the device (From [109], © 1995
AIP. Reprinted with permission)

mode and triggered with a phase locked 100 MHz output from the synthesizer. Fig-
ure 11.2 shows the optical modulation observed with a streak camera, measured
with the probe positioned at L=4 and L=2 away from the edge of the laser. For
both curves, the rf drive power and the bias current to the laser are the same. The
streak trace clearly demonstrates millimeter-wave modulation of the light output at
the “round-trip frequency” of 40.4 GHz. As expected, the mode-locking efficiency
is substantially reduced when the laser is modulated near the center of the cavity
(�L=2). Next, the small signal modulation response of the device at millimeter-
wave frequencies was ascertained by sweeping the synthesizer over the frequency
range of interest. At the receiver, the millimeter-wave modulated optical signal was
detected with a high-speed photodiode followed by a down converting mixer driven
at 39.0 GHz. The output of the mixer was amplified by 45 dB and observed on a RF
spectrum analyzer. Figure 11.3 shows the small signal modulation response of the
device at low frequencies and near the cavity round-trip frequency. For the quar-
ter length (�L=4) fed device, the peak of the millimeter-wave response is 20 dB
below the dc modulation efficiency, and the width of the passband is �160 MHz.
These measurements are comparable to previous results obtained with split-contact
lasers under homogeneous bias [103]. Again, note that the response of the center-fed
device is small compared to the �L=4 case. These streak camera and RF response
measurements substantiate the concept that efficient mode coupling is possible only
under the condition of non-uniform current injection into the laser at the “round-trip
frequency.”
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Fig. 11.4 Distribution of injected current into the active region as a function of length along the
laser stripe at 40 and 90 GHz. The inset shows the distributed circuit model [108] used to calculate
the current (From [109], © 1995 AIP. Reprinted with permission)

The modulation position dependence of the observed mode coupling is further
investigated in a single contact device using the distributed circuit model used in
[108] and shown in the inset of Fig. 11.4. The calculated amplitude of the normal-
ized injection current into the laser is shown as a function of position along the
device away from the feed point at 40 and 90 GHz. Notice that the amplitude of
the injected current decreases rapidly with position and drops to insignificant levels
beyond 200�m away from the feed point. For a round-trip frequency of 40 GHz,
the laser is typically 1,000�m long, resulting in a fractional cavity modulation of
�20%. The modulation efficiency is addressed using a conventional mode-locking
analysis along with the current distribution obtained from the distributed circuit
model above. The self-consistent solution for active mode locking [110] shows that
the optical modulation (p) is expressed as

p D 2�

�
n

nth

��
1

b2

�
; (11.1)

where n is the amplitude of the time variation in the electron density, nth is
the threshold electron density, and the mode discrimination factor b is the ratio
of the optical gain bandwidth to the round-trip cavity frequency. The parameter �
is the overlap integral between adjacent longitudinal modes and the spatial varia-
tion of the gain modulation along the cavity. Since the modes are orthogonal, this
amplitude is zero if the modulation is uniform over the cavity. If one assumes that
the modulation in the photon density is small, such that the spatial dependence of
the gain modulation can be approximated by that of the injection current, and that



11 Resonant Modulation of Single-Contact Lasers 111

the cavity modes are given by solution to the one-dimensional Helmholtz equation,
� can be expressed as

� D 1

L

Z L

0

I.z/ cos
�z

L
dz; (11.2)

where L is the laser length and I.z/ is the normalized spatial distribution of the
modulation current. To determine I.z/, one can model the laser as a transmission
line with two open ends. The impedance of an open ended transmission line is
Z D Z0 coth.�l/ where, Z0 is the characteristic impedance of the stripline, � is
the complex propagation constant, and l is the distance from the probe to the open
end [111]. Figure 11.5 shows this calculated mode-coupling amplitude as a func-
tion of position along the laser stripe for a “round-trip frequency” of 40 GHz. The
maximum value of 0.06 is approximately a factor of 5 smaller than the maximum
achievable value of � obtained when exactly one half of the cavity is uniformly
modulated. For comparison, if one considers that the actual injection current pro-
file being a delta function of amplitude 1=� (i.e., no spreading of the modulation
current), then (11.2) reduces to � D .1=�L/ cos�z=L which is shown as the dotted
curve in Fig. 11.5. The similarity of this curve to the exact numerical calculation
highlights the fact that the extent of the modulation current is very localized, and
that � is proportional to .�L/�1. Hence, the value of � can be optimized by design-
ing the transmission line for a particular value of � . Note that the optimum probe
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Fig. 11.5 Calculated mode coupling factor as a function of probe position for a device with a
roundtrip cavity frequency of 40 GHz. The dotted curve corresponds to the limiting case when the
injected current is a delta function (From [109], © 1995 AIP. Reprinted with permission)
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position is approximately at L=8 away from the laser facet. In fact, the conclusion
that �L=8 is the optimum feed point remains true over the entire millimeter-wave
range (30–100 GHz). The maximum value of � also remains approximately constant
over this range. This is understood by realizing that although the signal propaga-
tion is reduced at higher frequencies, the resonant device length is shorter, resulting
in a comparable fractional cavity modulation. These results show that modula-
tion of single contact monolithic semiconductor lasers is possible over the entire
millimeter-wave frequency range up to 100 GHz.

The above results demonstrate the efficient modulation of a single contact mono-
lithic semiconductor laser at the “round-trip frequency” of 40 GHz. Both temporal
and RF measurements show clear evidence of millimeter-wave modulated light
output from the laser. The observed feed point dependence of the modulation effi-
ciency provides definitive evidence that mode-locking exists in the single contact
device due to the limited propagation distance of the millimeter-wave signal. This
technique was studied using a simple distributed circuit model of the laser in
conjunction with conventional mode-locking theory. The optimum feed-point and
mode-coupling factor over the millimeter-wave frequency range are found to be
�L=8 and .�L/�1, respectively. These results are a very important step toward
the realization of practical millimeter-wave optical transmitters based on direct
modulation of monolithic semiconductor lasers.
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Chapter 12
Fiber Chromatic Dispersion Effects
of Broadband mm-Wave Subcarrier Optical
Signals and Its Elimination

12.1 Effects on Multichannel Digital Millimeter-Wave
Transmission

The millimeter-wave (mm-wave) frequency band offers the free-space bandwidth
necessary for future broadband wireless communications services. A high-capacity
broadband wireless network can be the quickest and most cost-effective method
of delivering services to a large number of customers in a dense environment.
Millimeter-wave optical fiber links can effectively distribute mm-wave signals from
a central office to remote antennas located at suitable vantage points for line-of-
sight interconnection to other nodes of the network. As described in [112], these
fiber links offer simplification of base stations and centralized control and stabiliza-
tion of mm-wave carrier signals for conformity to FCC standards. Even though it
is expected that this type of fiber systems will take advantage of legacy metropoli-
tan fiber cable plant infrastructure at the dispersion minimum of 1,300 nm. The low
fiber loss and availability of optical amplifiers at 1,550 nm can extend the central
office coverage over a much larger service area than 1,300-nm links. Therefore it is
still important to understand how dispersion in a fiber link can affect the transmitted
information on mm-wave subcarriers. The effects of fiber chromatic dispersion on
a single carrier have been examined in [113, 114]. A two-tone analysis was done
in [115]. Because future broadband high-capacity services will have many digi-
tal channels, a multiple-channel analysis is needed. A CATV band simulation was
reported in [116]. This chapter explores the effects of fiber chromatic dispersion
on broadband 18-channel mm-wave subcarrier multiplexed (SCM) transmission.
Instead of studying a particular digital QAM format, the study here concentrates
on the fundamental limits due to chromatic dispersion-induced carrier degradation
and intermodulation distortion at mm-wave frequencies. Transmission of multichan-
nel mm-wave signals over single-mode fiber will also be limited by the optical link
noise contributions from the receiver, laser RIN, and fiber amplifiers.

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 12,
© Springer-Verlag Berlin Heidelberg 2011

115



116 12 Fiber Chromatic Dispersion Effects of Broadband

18 Carriers
at 28 GHz

Optical
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Single Mode Fiber

Fig. 12.1 1,550-nm m-wave fiber system model (From [117], © 1996 IEEE. Reprinted with
permission)

A 1,550-nm externally modulated fiber system will be studied because

1. High frequency external optical modulators are available both commercially and
in the laboratory (for more dicussions, see Appendix C);

2. Chirping is minimal for these optical transmitter sources, the transmitter output
is thus a pure amplitude modulation with very little phase modulation.

The system was modeled using the Signal Processing Worksystem simulation tool
[118]. The model block diagram is shown in Fig. 12.1. A high-speed external optical
modulator modulates a narrow linewidth (DFB) 1,550-nm optical source. The finite
laser linewidth can lead to a negligible mm-wave carrier power degradation for typ-
ical line widths [119]. The modulator is modeled as linearized over the mm-wave
band of interest (e.g., 27.5–28.5 GHz). External modulators have been demonstrated
in this frequency range [120]. There are various methods for modulator lineariza-
tion [121]. The electrical input to the optical modulator is the sum of eighteen
millimeter-wave channels.

The optical fiber is modeled as a unity amplitude, linear group delay filter. Stan-
dard single-mode fiber is used with a dispersion parameter of 18 ps km�1	nm at
1,550 nm. Nonlinear fiber effects described in [122] are neglected in this simulation.
A magnitude squared function models a high-speed detector and a FFT function
gives the detector output spectrum.

A detected single subcarrier will experience a signal power variation with fiber
transmission distance due to chromatic dispersion [113, 114]. This is because the
single subcarrier is transmitted through the fiber as optical sidebands on the optical
carrier. The sidebands experience phase changes due to fiber chromatic dispersion
so that the detected signal is effectively a sum of two signals with a phase difference
that is a function of the fiber length. It can be shown that for small modulation depths
the detected signal power of the single subcarrier is approximately proportional
to [114]

P D cos2

�
�D�2Lf 2

c

�
; (12.1)
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whereD is the dispersion parameter,L is the fiber length, and f is the frequency of
the modulating signal. For f D 28GHz, � D 1;550 nm, andD D 18 ps km�1 	 nm,
the maxima occur at multiples of L D 8:85 km.

The first null does not represent the fundamental limit because the maxima are
periodic at multiples of 8.85 km in this case. As long as the fiber length is adjusted
properly, single subcarrier transmission is not limited by chromatic dispersion.

Chromatic dispersion will cause intermodulation distortion between multiple
channels as the fiber distance is increased. A two-tone analysis was done in [115].
The analysis was a worst case analysis because the carriers were assumed to be in
phase. Eighteen carriers are transmitted and the initial carrier phases can be set to
zero or randomly generated.

The optical fiber affects the multichannel spectrum in two ways. First, there is
the signal level change versus fiber length and frequency for each channel described
above. Each frequency has a different periodic length. Second, the chromatic
dispersion causes intermodulation distortion between the channels.

The center of the transmission band was chosen to be at 28 GHz, which corre-
sponds to the local multipoint distribution service (LMDS) band. To reduce aliasing
in the spectrum, the sampling rate was set to 1,792 GHz and the frequency resolu-
tion was set to 27.34 MHz. A total of 19 channels at a channel spacing of 54.68 MHz
(twice the resolution) gives a 980-MHz wide spectrum centered at 28.0 GHz, which
was chosen to model a broadband and high-capacity communications system.

Channel 10, the center channel at 28.0 GHz where the distortion is highest, was
removed and the remaining 18 tones were summed and transmitted to measure the
intermodulation distortion. The optical modulation index (OMI) per channel was
chosen to be 5.5% to prevent the total possible modulation from exceeding 100%.

As a reference, Fig. 12.2a shows the simulated input spectrum with no dispersion.
Figure 12.2b–d shows the simulated output spectra for the case of the 18 carriers
initially in phase for the fiber lengths around 53 km. The fiber length L D 53:09 km
for Fig. 12.2c corresponds to the sixth maxima of (12.1) at 28.0 GHz. The power is
normalized to the fiber loss to isolate the dispersion effects. Any additional signal
loss due to (12.1) can be compensated for by using Erbium-doped fiber amplifiers.

The carrier-to-interference ratio (CIR) was defined as the ratio of the adjacent
channel power to the intermodulation distortion power at 28.0 GHz. The adja-
cent channel power was the lower of Channel 9 (27.9453 GHz) and Channel 11
(28.05468 GHz). For the 49.8–56.2 km fiber length range, the CIR had a peak value
of 41.5 dB and a minimum of 25.5 dB for the case of in-phase carriers. This CIR
is well above the requirements for digital modulation formats such as QPSK and
16-QAM.

A more realistic case is when the carrier phases are uncorrelated. The interfer-
ence level and adjacent channel power of ten simulation runs with random initial
phases for the 18 tones were averaged. The CIR was higher than the in-phase case
by over 22 dB.

Figure 12.3 shows the simulated CIR for the in-phase carriers case versus fiber
length at three different fiber-length ranges. As stated above, the case of random
carrier phases gives an average improvement in CIR of >22 dB at each fiber length
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Fig. 12.2 Calculated output spectra after different fiber lengths of fiber with carriers in phase: (a)
0 km, (b) 51.4 km, CIR D 25:5 dB, (c) 53.1 km, CIR D 41:5 dB, and (d) 54.6 km, CIR D 26:7 dB
[Vertical axis: Normalized power (dB), Horizontal axis: Frequency (GHz)] (From [117], © 1996
IEEE. Reprinted with permission)

over the entire fiber length range. Therefore, Fig. 12.3 represents a worst-case lower
limit on the CIR. The average CIR at each fiber length in the range is expected to
have an average value of at least 42 dB with random carrier phases.

Figure 12.4 shows the maximum and minimum channel power for the three fiber-
length ranges. The signal power variation due to fiber dispersion indicates how far
the received channels are from the ideal situation of equal amplitude carriers at the
receiver. The operational range is chosen to be fiber lengths which had a maximum
channel power variation of 10 dB. With this requirement, there are eleven opera-
tional ranges for the fiber lengths. Figure 12.5 gives a graphical representation of
the acceptable fiber lengths. Note that the fiber length ranges are approximately
centered at multiples of 8.85 km.

Assuming a fiber loss of 0.25 dB km�1 at 1,550 nm and an Erbium-doped fiber
amplifier (EDFA) gain of 10 dB, two EDFA’s are needed for 80-km transmission at
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Fig. 12.3 CIR (dB) versus fiber length (km) for the case of carriers in phase. Random carrier
phases give an average improvement of over 22 dB at each fiber length (From [117], © 1996 IEEE.
Reprinted with permission)

28 GHz and a received power of 0 dBm. Assuming a noise figure of 10 dB per ampli-
fier, the amplifier noise limits the received CNR per channel to over 37 dB in the
signal-spontaneous beat noise limit (additive noise from each EDFA) [123]. Con-
sider a distribution tree system with two cascaded stages where each stage consists
of an EDFA, a 10-way splitter, a second EDFA, and 40 km of fiber. One hundred
base stations/fiber nodes at a distance of 80 km away from the transmitter can be
served with this system. With a 10-dB gain, a 10-dB noise figure, and a C10-dBm
output power for each EDFA, the CNR per channel at the receiver in this case is
limited to around 34 dB. This CNR is still sufficient for high fidelity transmission of
QPSK and even 16-QAM [124].

Chromatic dispersion effects of standard single-mode fiber on the transmission
of multichannel signals at millimeter-wave frequencies have been simulated using
multiple unmodulated carriers similar to those used in typical distortion experiments
[125]. Note that, at 1,300 nm or at CATV frequencies, these effects are small for
practical fiber distances. Optical amplification can easily make up for any additional
signal loss due to (12.1).

In conclusion, these computer simulation results can have a significant implica-
tions on the system architecture. Now, a single central office or headend location
can use up to an 88-km 28-GHz distribution tree or ring with optical amplifiers to
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Fig. 12.5 Acceptable fiber length (unshaded) in km. (The shaded regions have a worst case CIR
<20 dB and/or an amplitude variation of over 10 dB) (From [117], © 1996 IEEE. Reprinted with
permission)

distribute broadband QPSK and QAM information at millimeter-waves to an exten-
sive service area. Fiber chromatic dispersion divides the fiber length into operation
ranges. These ranges depend on the frequencies and system bandwidth, as well as
the wavelength and dispersion parameter.

12.2 Elimination of Fiber Chromatic Dispersion Penalty
on 1,550 nm Millimeter-Wave Optical Transmission

As described in the last section, millimeter-wave optical fiber distribution links
between a central office and remote antenna sites provide centralized control and
stabilization of the mm-wave signals and simplification of the remote electronics
[112].
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Conventional high-speed linear intensity modulators allow transmission of
broadband, multichannel mm-wave signals [120]. Optical amplifiers at 1,550 nm
can compensate for fiber attenuation and splitting losses to significantly extend
the distribution range and coverage area of a single transmitter. However, recent
work has shown that fiber chromatic dispersion, especially at 1,550 nm, can cause
severe signal power penalties at certain fiber distances and modulation frequencies
[114, 117, 126, 127].

For conventional intensity modulation of a single-mode laser, symmetrical side-
bands are created on the optical carrier. Owing to fiber chromatic dispersion, these
sidebands experience relative phase shifts which depend on the wavelength, fiber
distance, and modulation frequency. Each sideband mixes with the optical carrier in
the optical receiver. If the relative phase between these two components is �180ı,
the components destructively interfere and the mm-wave electrical signal fades. The
detected signal power variation is proportional to (12.1) where D is the dispersion
parameter, L is the fiber length, and f is the modulation frequency [114, 117, 126].

However, by simply filtering out one of the optical sidebands, the problem is
eliminated. Now, dispersion only adds a phase shift with no amplitude change.
At mm-wave frequencies of 25–60 GHz, the optical sidebands are separated by
0.2–0.5 nm from the optical carrier at 1,550 nm. A fiber Bragg grating provides
a simple and narrowband commercially available notch filter that can be tailored
to the laser wavelength. An external optical modulator with the fiber Bragg grat-
ing sideband filtering effectively produces single-sideband optical modulation at
mm-wave frequencies. Note that the filter requirements are relaxed as the mod-
ulation frequency increases. Single-sideband filtering using a Mach-Zehnder-type
optical filter was used to reduce dispersion effects on a high-speed baseband digital
modulation signal in [128].

To demonstrate the dispersion penalty and its reduction, an SDL (now a division
of JDS Uniphase) 1556.5 nm DFB laser with additional optical isolation was modu-
lated with a 50 GHz Mach-Zehnder LiNbO3 intensity modulator [120], as shown in
Fig. 12.6. The modulator was biased at the half-intensity point resulting in 1 mW of
optical power at the modulator output. The modulator electrical drive signal was a
swept frequency tone from an HP 40 GHz synthesized sweeper. The optical modula-
tor output was sent through 51.1 km of standard non-dispersion shifted single-mode
fiber (Corning SMF-28) and detected using a Bookham, Inc. 40 GHz high-speed
photodetector.

DFB intensity
modulator

frequency
sweeper

OSA

detector
F B G 51km SMF

Fig. 12.6 Experimental millimeter-wave setup (From [129], © 1997 IEE. Reprinted with
permission)
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Fig. 12.8 Unfiltered and filtered frequency response at 51.1 km (From [129], © 1997 IEE.
Reprinted with permission)

Figure 12.7 shows the optical spectrum with and without the optical filter with a
modulator electrical drive frequency of 40 GHz. The optical modulation depth was
�8%. The 40 GHz modulation produces upper and lower optical sidebands spaced
0.32 nm from the optical carrier. The filter attenuates the upper optical sideband by
�22 dB.

Figure 12.8 shows the received signal power versus frequency with and without
the optical filter as the modulator drive is varied from 30 to 40 GHz. The power is
normalized to the received signal power at 0 km without the optical filter and fiber
loss. Without the filter, there are signal nulls at certain frequencies due to fiber dis-
persion, according to (12.1). However, with the optical filter, the nulls are eliminated
over the entire frequency range. Note that when one sideband is filtered, half of the
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Fig. 12.9 Unfiltered, filtered, and theoretical response against fiber length with 25 GHz modula-
tion (From [129], © 1997 IEE. Reprinted with permission)

optical sideband power is removed which results in a 6 dB electrical loss relative to
the maximum electrical signal power when no filter is used, as shown in the mea-
surements of Fig. 12.8. An additional 2 dB loss due to the filter insertion loss results
in the 8 dB relative electrical loss shown in Fig. 12.8. In distribution links, this loss
can easily be compensated for using EDFAs.

The signal power was also measured as the fiber length was varied. Standard non-
dispersion shifted single-mode fiber (Corning SMF-28) was available in roughly
2.5 km increment reels up to a total fiber length of 51.1 km. The modulation fre-
quency was lowered to 25 GHz so that the power nulls given by (12.1) were
separated by a large enough fiber distance to be resolved by the 2.5 km fiber length
resolution. The measurements are shown in Fig. 12.9. The theoretical curve accord-
ing to (12.1) is also shown. A value of 18 ps km�1	nm was used for the dispersion
parameter D in (12.1). Without the filter, there are five nulls over the 51 km fiber
length range. With the filter, there are no frequency nulls over the entire fiber range.

This chapter demonstrates a simple method for the elimination of the fiber
dispersion penalty on conventional external optical intensity modulation at
millimeter-waves using a fiber Bragg grating filter to produce single-sideband
optical modulation. It is shown that this simple filtering technique removes the sig-
nal power variation over modulation frequency and fiber length while introducing
a fixed signal loss due to the removal of one optical sideband. The single-sideband
optical modulation still allows broadband, multichannel millimeter-wave transmis-
sion. Although only 51 km of fiber was available, this filtering technique is not
limited to this distance and much longer transmission distances should be possible.
It is also interesting to note that the filter can be used at the optical receiver instead
of at the transmitter with the same results.



Chapter 13
Transmission Demonstrations

13.1 1550-nm Transmission of Digitally Modulated 28-GHz
Subcarriers Over 77 km of Non-Dispersion Shifted Fiber

In the highly competitive race to provide two-way broad-band network access to
the home/enterprise, minimizing the time-to-market is essential. Millimeter-wave
(mm-wave) wireless systems, unlike wired systems, can be quickly set up on-
demand to provide two-way connections between premises and base station nodes.
Millimeter-wave optical fiber distribution links between a central office and remote
base stations provide centralized control and stabilization of the mm-wave signals
and simplification of the remote electronics [112].

As explained in the Preface of this book, this kind of distribution system for
implementation of a mm-wave free-space network is most cost-effective, and
expedient to bring on-line, if legacy infrastructures of fiber network installed for
telecom/metropolitan networks can be utilized through leasing of dark fibers.
Metropolitan networks consist mostly of single mode fibers at the dispersion min-
imum of 1.3�m, while telecom networks consist mostly of single mode fiber at
the loss-minimum wavelength of 1.55�m. The low fiber loss and availability of
optical amplifiers at 1.55�m allow a central office location to extend its coverage
over a much larger service area than using 1300-nm metropolitan fibers alone.
However, fiber chromatic dispersion has a significant effect at 1.55�m and has
been studied in [113–117, 130]. In [117], multichannel transmission in the local
multipoint distribution service (LMDS) band at 28 GHz using an external optical
modulator was simulated. Despite the dispersion-induced mm-wave signal degra-
dations, the simulation results suggest that acceptable carrier-to-interference ratios
(CIR) are possible up to 80 km for unmodulated carriers. Transmission of a single
mm-wave channel over long spans of fiber at 1,550 nm has been demonstrated using
heterodyne techniques and optical amplification [127, 131]. This chapter describes
experimentally observed fiber chromatic dispersion effects on multichannel digital
millimeter-wave transmission, as well as transmission of multiple mm-wave carriers
including QPSK digital modulation at 28 GHz over long lengths of fiber without
optical amplification.

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 13,
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 13.1 Experimental setup for signal and distortion measurements. (From [126], © 1997 IEEE.
Reprinted with permission)

Other than direction modulation of (resonantly-enhanced) laser diodes, an alter-
native method of achieving optical modulation at mm-wave frequencies is by
modulating the output of a (continuously operated) optical source with a high-
speed optical modulator as in [117]. This chapter describes computer simulation
results that fiber chromatic dispersion causes two effects on multichannel mm-wave
transmission: (1) an amplitude variation versus frequency and distance and (2) inter-
modulation distortion between channels. The experimental setup for multichannel
mm-wave transmission is shown in Fig. 13.1. The broad-band mm-wave transmit-
ter consists of commercially available components – a packaged Ortel DFB laser
with a wavelength of 1,543 nm with additional fiber isolation was modulated using
a 30 GHz Sumitomo Cement LiNbO3 external optical intensity modulator (EOM)
with a half-wave voltage of V� D 4:7V. The EOM was biased at the half-intensity
point and was not linearized. The optical power out of the EOM was about 0.7 mW.

A total of five mm-wave channels could be used to drive the EOM. The channel
spacing was chosen to be 20 MHz. Four of the channels were unmodulated car-
riers from frequency synthesizers at 1,960, 1,980, 2,020, and 2,040 MHz which
were power combined, upconverted, amplified, and filtered to provide four mm-
wave carriers at 27.96, 27.98, 28.02, and 28.04 GHz. The upconverter consisted of
a 44-GHz Watkins–Johnson mixer with a 26-GHz LO from an HP83650A 50-GHz
Synthesized Sweeper and two HP mm-wave amplifiers that provide 38 dB of gain
to drive the EOM. The fifth channel was a 5 Mbaud QPSK digitally modulated and
raised-cosine filtered carrier at 2,000 MHz that was upconverted to 28.00 GHz, the
center channel. An optical modulation depth (OMD) of 24% per channel was cho-
sen to give an rms OMD of 38%. This OMD was chosen because the EOM was not
linearized and thus the need to limit clipping distortion [132].

Standard non-dispersion shifted single mode fiber (NDS-SMF) with minimum
attenuation at 1,550 nm and minimum dispersion at 1,310 nm was used and varying
lengths up to 76.7 km were available. At 1,543 nm, the fiber loss is 0.2 dB km�1 and
the dispersion parameter is about 17 ps km�1 nm�1.
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At the receiver end, the detector was a 40-GHz Bookham, Inc. high-speed pho-
todiode with a responsivity of 0.1 A W�1 at 28 GHz. A Hewlett-Packard low noise
mm-wave amplifiers provided 35 dB of gain at 28 GHz with a 4-dB noise figure. Sig-
nal and intermodulation powers were measured on an HP8565E Spectrum Analyzer.
For bit-error-rate (BER) measurements, the mm-wave spectrum was downconverted
using a 44-GHz Watkins–Johnson mixer with a 28.275-GHz LO from an HP83650A
50 GHz Synthesized Sweeper, and the QPSK channel was filtered and demodulated.
The demodulator had AGC, equalization, and error correction. The recovered bit
stream was input to an HP3764A Error Detector.

Using a single mm-wave source to drive the EOM, the frequency was swept
from 27.5 to 28.5 GHz. The detected signal power normalized to the received power
at 0 km and to the fiber loss is shown in Fig. 13.2 at three different lengths of fiber
around 75 km. In the absence of fiber chromatic dispersion, there should be no power
penalty and all of the curves would be straight lines at 0 dB. However, dispersion
causes the signal power variation versus frequency shown in Fig. 13.2. The inten-
sity modulation of the single-mode laser with a single mm-wave subcarrier creates
upper and lower sidebands on the optical carrier. Fiber chromatic dispersion causes
a relative phase shift between these sidebands which causes a detected signal power
variation proportional to (12.1) where D is the dispersion parameter, L is the fiber
length, and f is the modulation frequency [113, 114]. For multiple carriers, it was
shown in [117] that each carrier follows approximately the power variation of (12.1).
At 70.2 km, there is a large notch in the spectrum around 28.13 GHz. However,
adding lengths of fiber shifts the notch out of the frequency band as shown by the
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Fig. 13.2 Detected signal power versus frequency for fiber lengths of 70.2, 74.6, and 76.7 km. The
detected power is relative to the received power at 0 km. (From [126], © 1997 IEEE. Reprinted with
permission)



128 13 Transmission Demonstrations

curves at 74.6 and 76.7 km. The signal power variation over the band at 76.7 km is
about 10 dB.

Next, a four-tone intermodulation distortion measurement was performed using
four unmodulated and random phase mm-wave carriers at 27.96, 27.98, 27.02, and
28.04 GHz. Figure 13.3 shows the detected signal power spectrum at different fiber
lengths for an OMD of 24%. The carrier-to-interference ratio (CIR) was measured
as the ratio of the lower power at adjacent channel 2 or 4 to the intermod power
at 28 GHz. The CIR was 45 dB at a fiber distance of 0 km due to nonlinearities
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Fig. 13.3 Received signal spectrum at fiber distances of 54.5 km (CIR D 38 dB), 56.6 km (CIR D
45 dB), 74.6 km (CIR D 38 dB), and d) 76.7 km (CIR D 43 dB). (From [126], © 1997 IEEE.
Reprinted with permission)
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in the upconverter and unlinearized EOM of Fig. 13.1. At distances of 54.5 and
74.6 km, the carrier-to-CTB has a value of CIR D 38 dB. However, at 56.6 km, a
CIR D 45 dB was measured and at 76.7 km the CIR was 43 dB. This increase in
CIR at certain fiber distances agrees with the simulated results reported in [117].
The actual limitation to the CNR at these distances came from the low receiver
responsivity and the electrical amplifier thermal noise. The CNR was about 20 dB
in a 7-MHz bandwidth at the 76.7-km fiber length. The CNR is given in decibels by

CNR D 10 log10.mRP/225� kT0 � NF � 10 log10 B (13.1)

where m is the optical modulation depth (0.24), R is the detector respon-
sivity (0.1 A W�1), P is the optical power (18�W), kT0 is thermal noise
(�204 dBW Hz�1), NF is the amplifier noise figure (4 dB), and B is the receiver
bandwidth (about 7 MHz). The insertion loss from the modulator drive to the
detector output is 87 dB, giving an equivalent input noise (EIN) of �87 dBm Hz�1.

With a receiver optimized for the 28-GHz band, or with optical amplification, the
thermal noise can be overcome. If, for example, a resonant detector with a higher
responsivity of 0.85 A W�1 [133] was used, the sensitivity should be improved by
9.3 dB. Lower noise amplifiers will also improve the receiver sensitivity. Assum-
ing an Erbium-doped fiber amplifier (EDFA) gain of 15 dB and a noise figure of
10 dB, the CNR in the signal-spontaneous beat noise limit is 45 dB [123]. In this
case, the CNR is limited by the CIR of 43 dB. These CIR values are well within
the requirements for transmission of QPSK modulated carriers. QPSK requires a
CNR D 16 dB for 10�9 symbol error probability, and a CIR D 30 dB gives a CNR
penalty of less than 0.2 dB [124].

To demonstrate data transmission, a 10 Mb s�1 PRBS data stream of length
1023 � 1 was used to modulate a carrier using the QPSK modulation format. After
raised-cosine filtering, the signal bandwidth was about 7 MHz. This carrier was
upconverted to the center channel at 28 GHz. At this frequency, the intermodula-
tion distortion due to the random phase interfering channels at 27.96, 27.98, 28.02,
and 28.04 GHz was largest. The received mm-wave spectrum at 76.7 km is shown
in Fig. 13.4.

The detected modulated carrier was downconverted and demodulated at the
receiver. At the received optical power of 18 mW at a fiber distance of 76.7 km,
there were no detectable errors in the received data stream. The BER versus optical
power at 76.7 km is shown in Fig. 13.5.

This chapter presents distortion measurements for fiber transmission of multi-
channel mm-wave signals. It is shown that even at fiber distances of up to 77 km the
intermodulation distortion is low enough for acceptable transmission of multiple
digitally modulated mm-wave carriers. To our knowledge, this is the first demon-
stration of multichannel mm-wave transmission over long fiber distances. A QPSK
modulated carrier at 28.00 GHz was successfully transmitted over 76.7 km of NDSF
without optical amplification. In the presence of intermodulation distortion from
four adjacent channels, bit error rates below 10�9 were still achieved. The CNR
was limited by the receiver thermal noise. Optical amplification and/or a receiver
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Fig. 13.4 Received mm-wave spectrum after 76.7 km of fiber showing the QPSK modulated
carrier and four unmodulated interfering carriers. (From [126], © 1997 IEEE. Reprinted with
permission)

Fig. 13.5 BER of the QPSK
channel versus received
optical power at 76.7 km of
fiber. (From [126], © 1997
IEEE. Reprinted with
permission)
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optimized for mm-wave frequencies can be used to overcome this limit. No elec-
trical linearization was needed on the mm-wave external optical modulator. The
significant impact of these results on the mm-wave fiber wireless system architec-
ture is that a 28-GHz optical fiber link can be used to distribute broad-band QPSK
information at mm-waves from a headend location to remote hub antenna sites up
to at least 77 km away for broadcast services.

13.2 39 GHz Fiber-Wireless Transmission of Broadband
Multi-Channel Compressed Digital Video

Figure 13.6 shows two examples of broadband systems which are based on the
systems described in [134–136]. For each architecture, a central office or head-
end services up to 300,000 users. Five to fifteen fiber links connect to distribution
hubs which service 20,000 users. Each distribution hub uses 10–40 fiber links to
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Fig. 13.6 Broadband systems. (From [112], © 1996 IEE. Reprinted with permission)

distribute signals over up to 15 km to fiber nodes. Each fiber node services an area
with 500–2,000 customers.

The two systems differ in the connection from the fiber node to the user for which
the service provider has two main choices. Coaxial cable and amplifiers have been
proposed for the hybrid fiber-coax system shown in Fig. 13.6 (upper). However, the
wireless connection from the fiber node to the user shown in Fig. 13.6 (lower) can
be quicker and less expensive for the service provider to install, especially in urban
areas and regions with difficult terrain. Another important advantage over a wired
network is that the wireless solution enables user mobility.

Because of crowding at lower frequencies, only the mm-wave frequency range
offers the bandwidth required for free-space transmission of broadband spectra
(l–2 GHz). Given that the remote antenna in Fig. 13.6 (lower) transmits at mm-wave
frequencies, there is still a question as to how to deliver signals from the central
office to the base station. The broadband signals could be transmitted over fiber
at an IF frequency and then mixed-upward to mm-wave frequencies at each base
station antenna site.

Alternatively, there are important advantages to using an mm-wave optical trans-
mitter to transmit the mm-wave information over the fiber to each base station:

(a) Simplification of base stations: the mm-wave upconverter, phase-locking, and
control equipment are removed from the base station resulting in significant
cost and complexity reduction.

(b) Centralized control of mm-wave signals: because the base stations do not
change the frequencies of the signals, the mm-wave information sent from the
central office will be the same information transmitted through free-space at
the remote antenna site. This allows the central office to remotely monitor its
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transmission frequencies, which is especially important for compliance with
the FCC.

(c) Stabilization of mm-wave signals: because there are many base stations, having
an mm-wave upconverter at each antenna site implies it must be inexpensive.
A low cost mm-wave oscillator for the upconverter will have significant phase
noise and frequency drift. Each base station services 500 to 2,000 users, while
each fiber link can service �30;000 users. Therefore, moving the mm-wave
upconverter to the central office substantially reduces the per user cost, where a
more expensive but highly stable mm-wave local oscillator (LO) can be used.

For the above reasons, mm-wave optical fiber links are desirable for delivery of
mm-wave signals to remote antenna sites for broadband wireless networks.

Broadband (>500MHz) multiple channel services have stringent linearity
requirements because of their sensitivity to channel interference. For fiber links,
the main source of distortion is the broadband optical transmitter. High-speed
external optical amplitude modulators (EOM) have been demonstrated at frequen-
cies well into the mm-wave frequency band [120]. However, the optical intensity
against modulation amplitude response is nonlinear, which causes intermodulation
distortion (IMD).

Another broadband mm-wave optical transmitter is the mm-wave electro-optical
upconverter described in [137] which uses a low frequency laser diode cascaded
with a high-speed external optical modulator. Because the multiple IF channels
modulate a linearized diode, the laser intermodulation distortion should be small.
The mm-wave electrical LO drives the EOM and modulates the laser optical output,
resulting in an upconversion of the IF channels to mm-wave frequencies. The only
distortion products contributed by the EOM are harmonics of the single mm-wave
LO frequency which are well beyond the frequency response of the system.

The broadband mm-wave optical transmitter of [137] was used to demonstrate
transmission of multichannel digitally compressed MPEG-2 video over a 39 GHz
mm-wave fiber-wireless link as shown in Fig. 13.7. The MPEG-2 encoder bits are
raised cosine filtered and mapped into one of up to 1,620 MHz-wide QPSK chan-
nels which occupy the 500 MHz of bandwidth from 300 to 800 MHz. The laser
was a commercially available Ipitek FiberTrunk-900 1,310 nm linearized DFB laser
transmitter with a CATV bandwidth of 50–900 MHz which was wide enough for
the 500 MHz bandwidth of the input channels. It had optical isolation, temperature
cooling, and bias control.

The high-speed 50 GHz EOM was a Mach-Zehnder LiNbO3 optical amplitude
modulator [120] biased at the half-intensity point. The electro-optical upconverter
signal bandwidth was limited only by the laser modulation bandwidth which was
�900MHz.

The 300–800 MHz frequency band of QPSK channels were used to intensity
modulate the CATV laser. The EOM was driven at 39.5 GHz with the HP 83650A
Synthesized Sweep Signal Generator. As described in [137], the channels are
upconverted to 39 GHz. The EOM modulation depth was �0:7.
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Fig. 13.8 Received spectrum at 39 GHz. (From [112], © 1996 IEE. Reprinted with permission)

To demonstrate fiber distribution of the mm-wave signals, 6 km of singlemode
fiber was used between the optical transmitter and the base station. There was
�0:5mW of optical power at the detector. No optical amplification was needed.

The base station consisted of a high-speed photodiode, a 39 GHz bandpass filter,
a high-power mm-wave amplifier, and an antenna. The 500 MHz wide spectrum of
channels centered at 39 GHz was amplified to 5 dBm and transmitted through an
antenna.

The received and amplified spectrum around 39 GHz is shown in Fig. 13.8. The
wireless link loss was 55 dB, which at this frequency corresponds to a free space
propagation path of over 1 km when high gain (35 dBi) transmit and receive anten-
nas are used. High gain antennas are used for example in point-to-point wireless
links.
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At the receiver, the 39 GHz signal was downconverted back to the IF frequencies
of 300–800 MHz using a 39.5 GHz LO and a Watkins–Johnson mm-wave mixer.
The QPSK demodulator handles automatic gain control, carrier and timing recovery.
The MPEG-2 decoder had equalization and the decoded video was observed on a
monitor.

Seventy digital video channels were observed using the optical transmitter. There
was good video with no decoding errors in any of the video channels.

As a conclusion, this chapter describes the importance of broadband mm-wave
fiber-optic links for the distribution of mm-wave signals for broadband (>500MHz)
wireless services. A low distortion mm-wave electro-optical upconverter can be
used to transmit broadband, multiple-channel digital video over a mm-wave fiber-
wireless link using 6 km of optical fiber, and an equivalent 1 km wireless point-to-
point link.



Chapter 14
Application of Linear Fiber Links
to Wireless Signal Distribution: A High-level
System Perspective

The use of analog (a.k.a. linear) fiber-optic links as the connecting infrastructure
in wireless microcellular networks has been proposed [138–142]. Wireless systems
must provide uniform radio coverage to spatially distributed mobile users in a cost
effective manner. Small (radius �300m) radio microcells can serve a high density
of users and require low user handset transmit power compared to large (r � 1 km)
macrocells in existing systems. A microcellular network can be implemented by
using a fiber-fed distributed antenna network as shown schematically in Fig. 14.1.
The received RF signals at each antenna are transmitted over an analog fiber-optic
link to a central base station where all multiplexing/demultiplexing and signal pro-
cessing are done. In this way, each remote antenna site simply consists of the
antenna, amplifier, and a linear (analog) optical transmitter. The cost of the microcell
antenna sites can thus be greatly reduced therefore rendering deployment of these
networks practical. The required dynamic range of the analog optical transmitter
is a major factor in cost. Previous analysis [138] on dynamic range requirements
assumed an absolute spur-free condition for each FDM channel and resulted in a
link dynamic range requirement of >100 dB (1 Hz). This chapter investigates the
dependence of this dynamic range requirement in realistic scenarios, depending on
the number of active voice channels, the density of antenna coverage, and network
protocol. For a single antenna serving a cell, in real life traffic call-blocking occurs
due to the random nature of initiation/departure of callers served by a given base
station, It is not necessary for fiber-optic links which serve this type of network to
have performances exceeding limitations imposed by fundamental traffic consider-
ations. In this chapter, it will be shown that by conforming the performance of the
fiber links to the small (<0:5%) call-blocking probability, commonly encountered
in busy wireless traffic. A modest dynamic range of 91 dB is acceptable for serving
20 FDM voice channels in the cell. Furthermore, it is shown that by using mul-
tiple fiber-fed antennae per cell – now designated a “microcell,” and employing an
appropriate network protocol, the required dynamic range of the links can be further
reduced to 73 dB and still suffices for an acceptable wireless network performance.

The dynamic range of fiber-optic links is commonly specified by the range
of input powers over which the output signal is “spur-free” for a two-tone input
(see Sect. A.1). In a microcellular wireless system, this two-tone specification
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Fig. 14.1 Fiber-fed distributed antenna wireless network using analog (a.k.a. linear) links (fiber
or otherwise)

over-estimates the required link performance since it corresponds to the rare, unfor-
tunate situation when two high power mobile emitters are assigned to adjacent
frequency channels. To determine practical values for the required dynamic range
of optical links (or any other type of RF cable links, for that matter), a statistical
simulation of user access in a wireless microcell is described in this chapter. The
model is based on the AMPS cellular system which uses FDM (Frequency Division
Multiplex) for multiple access, and which requires an 18 dB carrier-to-interference
(C=I ) ratio, with an allocation of 30 kHz of bandwidth per voice channel. A stan-
dard model for multipath environments is employed [143], in which the received
RF power varies as .1=d/4 where d is the distance from the antenna to the user.
Experimental measurements in a typical line-of-sight urban microcellular system
[144] have demonstrated that this model empirically provides a lower bound for the
received power including local fading effects of the signal. It is also assumed that the
users are only allowed to within 5 m of each antenna site (as in the case of an indoor
cell where antennae are mounted above the drop ceiling), which leads to a maxi-
mum RF power variation of �70 dB for a 300-m microcell. Although the effects of
shadowing are not included in this model, existing mobile handsets typically have
some limited power control capability which can compensate for shadowed envi-
ronments. A series of simulations are performed in which users appear randomly in
the cell, and the spectrum of received RF powers at each antenna is amplified by an
automatic gain control (AGC) amplifier that maintains the weakest signal to 18 dB
above the noise floor of the link. Next, the intermodulation distortion (IMD) terms
from the optical transmitter at each channel are calculated as:

IMD D �

0
@ X

2!i �!j

P 2
i Pj C

X
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Fig. 14.2 Typical spectrum of received signal and IMD powers at antennas A and B shown in
Fig. 14.1. For this plot, the transmitter dynamic range is 70 dB (1 Hz)

where the summations are over all combinations of !i , !j , and !k that fall on
the given channel and the proportionality constant is determined by the two-tone
dynamic range of the link. Figure 14.2 shows a typical spectrum of output signal
powers and the resulting intermodulation distortion (IMD) terms from two of the
antennas shown in Fig. 14.1. Upon transmission through the link which connects
the antenna to the base station, any channel that does not meet the minimum 18-dB
C=I ratio is counted as a blocked call. This process is repeated until the product
of the number of runs and the number of voice channels equals 105. The average
percentage of blocked calls is then calculated as a function of the link two-tone
dynamic range.

First, a hypothetical circular microcell (r D 300m) is considered with only one
fiber-fed antenna covering the cell. Figure 14.3 shows the average blocking proba-
bility as a function of the link twotone dynamic range for 5, 10, and 20 available
FDM voice channels. As expected, the number of blocked calls decreases with
increasing link performance. The dashed line in the figure corresponds to a relatively
small blocking probability of 0.5% (an acceptable standard in cellular telephony).
The link performance required to achieve this blocking level increases with the
number of channels due to the increase in the number of intermodulation prod-
ucts. For 20 channels, the criterion is met for a modest link dynamic range of 91 dB.
Next, the scenario of multiple antennas within an 1,800 m2 cell is considered. When
using these multiple antennas, the base station must decide how to assign users to a
particular antenna. For example, referring to Fig. 14.2, channel 1 has a higher C=I
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Maximum C/I
Protocol

Maximum Signal
Power Protocol

0

1

2

3

4

5

70 75 80 85 90 95

Two-Tone Dynamic Range (dB Hz2/3)

B
lo

ck
in

g 
P

ro
ba

bi
lit

y 
(%

)

4 antennas
9 antennas

Fig. 14.4 Percentage of blocked calls as a function of transmitter dynamic range for 4 and 9
antennas and two different signal selection protocols. This simulation considers an 1,800-m-square
area with 20 available voice channels

at antenna A while channel 2 has a higherC=I at antenna B. Two different protocols
are possible for processing the signals from the multiple antennas. First, consider the
case that each channel is assigned to a particular antenna based on the strength of its
received signal power. Second, each channel is assigned based on the C=I of that
channel. ThisC=I protocol is more difficult to implement than the maximum power
protocol since it requires a mean to measure the quality of the received signals on
each channel. Figure 14.4 shows the blocking probability with 4 and 9 antennae
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Fig. 14.5 Measured two-tone dynamic range of a self-pulsating CD laser at 900 MHz. The inset
(10 dB/div) shows the two tones centered at 900 MHz and the induced intermodulation products

per cell for both of these protocols. Notice the dramatic influence of the network
protocol on the optical transmitter requirement. For the maximum signal protocol,
there is not a significant difference between using 4 and 9 antennae, and the link
dynamic range requirement remains in the �90-dB range. This can be understood
by realizing that the maximum signal protocol is equivalent to dividing the cell into
several smaller cells. In these smaller cells, the variation in received RF power is
reduced; however, the probability that a user will saturate an antenna is increased
since there are more antennae in the cell. In order to take advantage of the spatial
diversity of the distributed antenna network, the maximum C=I protocol must be
implemented. These simulations indicate that the required dynamic range is reduced
to 78 dB for 4 antennae and to 73 dB for the 9 antenna case. With this protocol imple-
mented, when a “close-in” user monopolizes a particular antenna, the other users in
the vicinity of that antenna can be “picked up” by one of the other antennae that is
not saturated. In this case, the network performance is very poor only for the rare,
unfortunate situation when all of the distributed antennae in the cell are saturated
by close-in users. Even further reductions in the required link dynamic range can be
obtained by taking advantage of dynamic channel assignment (DCA) strategies that
allocate user channels such that the generated intermodulation products discussed
above are minimized.

To put in perspective the modesty of these dynamic range requirements deter-
mined from the above analysis, Fig. 14.5 shows the experimentally measured two-
tone dynamic range of a sharp compact disk (CD) laser. Operating at an optical
power of 6.9 mW without an optical isolator, the dynamic range at 900 MHz is
92.7 dB. The inset shows the two tones centered at 900 MHz and the induced inter-
modulation products. This measurement may have significant impact in the use of
very low cost optical transmitters in the fiber-fed microcellular networks discussed
above.



140 14 Application of Linear Fiber Links to Wireless Signal Distribution

In conclusion, the dynamic range requirements of optical transmitters used in
fiber-fed distributed antenna networks are determined using a statistical model for
the number of dropped calls due to the generated IMD products. A single antenna
microcell fed with a 91 dB link can support 20 FDM channels with a dropped call
probability of 0.5%. By covering a cell with multiple antennae, and implement-
ing an optimum protocol at the base station, the link linearity requirement can be
reduced to <80 dB. These results may have significant implications in the practical
implementation of next-generation microcell personal communication networks.



Chapter 15
Improvements in Baseband Fiber Optic
Transmission by Superposition
of High-Frequency Microwave Modulation

15.1 Introduction

It is well known that phase noise fluctuations in the output of a semiconductor laser
can produce intensity noise fluctuations upon transmission through a fiber-optic link
due to interferometric phase-to-intensity conversion [145–148]. In a single-mode
fiber link, the interferometric conversion occurs when multiple reflections occur
between a pair of fiber interfaces (Fig. 15.1). Even in the absence of such fiber dis-
continuities, Rayleigh backscattering in a sufficiently long piece of fiber can cause
similar effects [149]. If a laser source is used in a multimode fiber link, the different
transverse modes of the fiber interfere with one another and produce the well-known
“modal noise.” This chapter specifically studies the former case (multiple discrete
reflections in a single-mode fiber link), although it is straightforward to extend the
formalism to the case of modal noise in multimode fibers. The nature of interfero-
metric noise has been studied in [145–147]. It was shown that this excess noise can
cause bit-error-rate floors [69], and the system performance has been evaluated as a
function of the number and/or amplitude of the reflections [150].

To the extent that such interferometric noises arise from interference of the laser
output with a delayed version of itself, it is obvious that reduction of laser coherence
can eliminate these noises. Indeed, there have been proposals and early demon-
strations that by applying a high-frequency modulation to the laser, the coherence
of the laser can be reduced, leading to a reduction of the type of interferometric
noise mentioned above. However, except in the extreme case of a very deep mod-
ulation (where the laser output is almost pulse-like and each pulse is incoherent
with the previous ones), one does not expect the laser output to be rendered totally
incoherent by the applied modulation, but instead, the lasing wavelength “chirps”
sinusoidally at the modulation frequency. Can one expect interferometric noises to
be reduced (or even totally eliminated) under this situation? The following analysis
shows that the answer is positive, provided that proper choices of modulation format
and parameters are employed.

The nature of interferometric noise is first described in Sect. 15.2 [145–147].
Next, a number of high-frequency superimposed modulation formats are considered.
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Fig. 15.1 Fiber-optic system exhibiting multiple reflections between a pair of fiber interfaces

The order of the sequence of these expositions is chosen to best illustrate the nature
of the mechanisms responsible for the interferometric noise reduction.

15.2 Interferometric Noise

The results derived in this section are based on [145–147].
Consider the intensity noise generated in a single-mode (SM) fiber-optic link

through interferometric FM–AM conversion due to, for example, double reflection
between a pair of retroreflecting optical surfaces, such as an imperfect fiber-optic
connector (Fig. 15.1). The laser is assumed to be of single frequency (wavelength),
and it is also assumed that the data is intensity-modulated onto the optical output
from the laser using an external chirp-free modulator. The electric field at the input
to the fiber is given by

E.t/ D
p
P.t/ej˝0tC�.t/ (15.1)

where P.t/ is the (externally) modulated optical power from the laser, ˝0 is the
optical carrier frequency, and 
.t/ is the laser phase noise. In the situation where
there is a pair of retroreflective discontinuities as shown in Fig. 15.1, the field at the
output of the fiber is represented by the superposition of the original input field with
delayed version of itself

Eout.t/ D  1E.t � t1/C  2E.t � t2/ (15.2)

where  1 and  2 are the relative field intensities, and t1 and t2 are delays. Without
loss of generality, one can assume that  1 D 1,  2 D  � 1, t1 D 0, and t2 D � .

The modulated optical power from the (externally modulated chirp-free) laser
transmitter can be written as

P.t/ D P0d.t/ (15.3)

where P0 is the average output laser power (assume a lossless external modulator)
and d.t/ represents band-limited data. Intrinsic laser intensity noise is neglected
in the following analysis, since it is much smaller than the other noises being
considered.

The electric field at the fiber output is

Eout.t/ D p
P0d.t/ej˝0t ej�.t/ C  

p
P0d.t � �/ej˝0.t��/Cj�.t��/ (15.4)
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Then, the optical intensity at the output of the fiber is

i.t/ D jEout.t/j2 C  2jE.t � �/j2 C 2 <fE.t/e�.t � �/g (15.5)

where <f:::g denotes the real part of the quantity. One can identify the signal .iS .t//
and the noise part .iN .t// of i.t/ as

iS .t/ D P0Œd.t/C  2d.t � �/� � P0d.t/ (15.6)

where it was assumed  � 1 and

iN .t/ D 2 P0

p
d.t/d.t � �/ cosŒ˝0� C 
.t/ � 
.t � �/� (15.7)

The laser phase noise 
.t/ is modeled to follow Gaussian probability density
function and 
.t/ and 
.t � �/ are correlated in such a way that [145]

D
.
.t/ � 
.t � �//2

E
D j� j
�c

(15.8)

where �c is the laser coherence time and hi denotes statistical averaging. In this
case, (15.8) corresponds to a Lorentzian lineshape of the spectral distribution. The
expression (15.7) is a general result, which will be used to derive the noise spectrum
in several cases. With the above assumptions, the fine structure of the spectrum due
to relaxation oscillations [151,152] is ignored because it is of secondary importance
in this analysis.

It is then straightforward to find the signal and the noise spectrum. The task is to
find these corresponding autocorrelation functions. They are

RS .ıt/ D EfiS.z; t/iS .z; t C ı�/g
D .1C  2/P 2

0Rd .ı�/ (15.9)

RN .ıt/ D EfiN .z; t/iN .z; t C ı�/g
D 2 2P 2

0Rdd.ı�/ŒR�.ı�/CRC.ı�/ cos.˝0�/� (15.10)

where Rd .ı�/ is the autocorrelation function of d.t/, and

Rdd.ı�/ D E
np

d.t/d.t C ı�/d.t � �/d.t C ı� � �/
o

(15.11)

The corresponding power spectral densities are denoted by Sd .f / and Sdd.f /

and can be obtained from Fourier transforming Rd and Rdd. To compute Rdd.ı�/,
one needs to specify the data statistics. However, for the purpose here, the explicit
knowledge of Rdd.ı�/ is not needed, one only needs to specify the bandwidth of
the Fourier transform of Rdd. If one assumes that d.t/ consists of ideal rectangular
pulses, then the bandwidth of Sdd.f / is equal to the bandwidth of Sd .f /.
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The expression in [ ] in (15.10) is recognized as the interferometrically converted
laser phase-to-intensity noise of a CW laser in the absence of data modulation. The
expressions RC and R� are given by

R�.ı�/ D hcosŒ
.t/ � 
.t C �/ � 
.t C ı�/C 
.t C ı� C �/�i; (15.12)

RC.ı�/ D hcosŒ
.t/ � 
.t C �/C 
.t C ı�/� 
.t C ı� C �/�i (15.13)

and have been previously calculated [145, 146]. The variations of the term RC.ı�/
cos.˝0�/ are of the order of the laser wavelength. One should be interested in the
macroscopic variations, which are on much bigger scale than those due to the term
involvingRC.ı�/. For this reason, the term includingRC.ı�/ will be neglected.
R�.ı�/ is given by [145]

R�.ı�/ D exp

�
� 1

2�c

.2j� j � j� � ı� j � j� C ı� j C 2jı� j/
�
: (15.14)

For sufficiently long � , the corresponding power spectral density of R�.ı�/
(denoted by S�.f /, given by the Fourier transform of R�.ı�/, assumes the
Lorentzian lineshape of the lasing field down-converted to baseband, with a typical
width of 10–100 MHz.

Then, the noise autocorrelation function becomes

RN .ı�/ D 2 2P0Rdd.ı�/R�.ı�/: (15.15)

Its power spectral density is given by

SN .f / D 2 2P0Sdd.f / � S�.f /; (15.16)

where the “S.f /’s” are the Fourier Transforms of the “R.ı�/’s”, and where �
denotes convolution.

The power spectral densities are schematically illustrated in Fig. 15.3. Note that
the S=N ratio cannot be increased by increasing the data signal power, since the
noise power also increases correspondingly as per (15.16). It illustrates clearly the
deleterious effect of interferometric FM–IM noise on imposing an upper limit on
the S=N ratio of the transmitted data, regardless of signal power.

15.2.1 Superimposed High-Frequency Modulation:
External Phase Modulation

Consider the case in Fig. 15.2b that is similar to that in Fig. 15.2a but with an exter-
nal phase modulator placed at the output of the laser. The modulator is driven by a
single RF tone at a “high” frequency (higher than the data bandwidth, to be specified
later). The optical field at the input to the fiber is then

E.t/ D p
d.t/P0ej˝0t ej�.t/eja cos.!0t/; (15.17)
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where a is the phase modulation index and f0 D !0=2� is the RF modulation
frequency. Following a similar procedure as in the last section, the output signal
intensity is

iS .z; t/ D d.t/P0; (15.18)

where d.t/ and P0 are the same as before, and the noise intensity at the fiber output
is, according to (15.7),

iN .z; t/ D 2 <fE.t/e�.t � �/g
D 2 P0

p
d.t/d.t � �/ cos

h
˝0� C�
.t; �/C A sin

�
!0t � !0�

2

	i
;

(15.19)

where

A D �2a sin
�!0�

2

	
(15.20)

and �
.t; �/ D 
.t/ � 
.t � �/. The noise power spectral density is the Fourier
transform of the noise autocorrelation function RN .t; ı�/. In this case, it will be
necessary to perform both time and statistical averaging to properly model the
nonstationary conditions [153].
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The autocorrelation function of the noise term iN .z; t/ is given by

RN .t; ı�/ D hiN .z; t/iN .z; t C ı�/i
D 2 2P 2

0Rdd.ı�/R�.ı�/

	 cos

�
2A sin

�
!0ı�

2

�
cos

�
!0t � !0�

2
C !0ı�

2

��
: (15.21)

In deriving (15.21) the RC.ı�/ term is neglected as before. Also, there is a cross
term EfiS.t C ı�/iN .t/g that can be shown to be proportional to cos.˝0�/. Using
the same arguments as before, this term can be neglected. Then, the desired expres-
sion for RN1

.ı�/, which is obtained by time averaging of RN .t; ı�/, can be written
in the following form using Bessel functions expansion:

RN1
.ı�/ D RN .t; ı�/

D 2 2P 2
0Rdd.ı�/R�.ı�/

"
J 2

0 .A/C 2

1X
nD1

J 2
n .A/ cos.n!0ı�/

#
:

(15.22)

The noise power spectral density is

SN1
.f / D J 2

0 .A/SN .f /C
( 1X

nD1

J 2
n .A/ŒSN .f � nf0/C S.f C nf0/�

)
;

(15.23)

where SN .f / is the noise spectrum without superimposed modulation given with
(15.16). The expression for SN1

.f / is the primary result of this analysis. It shows
that the noise is distributed among the various harmonics of the externally applied
phase modulation (Fig. 15.4). Note that in the absence of high-frequency phase
modulation, A D 0 – (15.23) simply reduces to that of the intrinsic interferomet-
ric noise – SN .f /. With phase modulation, the noise is distributed and transposed
to multiples of the superimposed phase modulation frequency, with “transposition
factors” equal to Jn where Jn is the nth order Bessel function of the first kind.
The part of the noise spectrum of interest is that near baseband, which is given by
J0.A/

2SN .f /. This expression is valid if the phase modulation frequency is higher
than at least twice the bandwidth of the interferometric noise spectrum SN .f /, the
latter of which is assumed to be band-limited. The baseband noise is, thus, reduced
by a factor J0.A/

2, which is defined here as the Noise Reduction Factor (NRF).
Figure 15.5 shows a plot of NRF versus normalized modulation frequency f0�

of the superimposed phase. It is obvious that NRF is a periodic function of f0� ,
and the maximum reduction depends on the phase modulation index a. It implies
that the NRF is also function of propagation distance down the fiber .� D const.�z/.

It is seen from Fig. 15.5 that for very strong phase modulation, the interfero-
metric noise can by and large be eliminated except for the unfortunate situation
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Fig. 15.5 Noise reduction factor versus f0� for external phase modulation. The phase modulation
index a is parameter. The NRF is periodic with period 1

when f0� D k, where k is integer. This is somewhat undesirable since a trans-
mitter incorporating a phase modulator at one frequency may work for a particular
fiber link, but may not work for another one. In Sect. 15.2.3, it is shown that this
situation can be remedied if the applied phase modulation consists not of a single
high-frequency tone but is rendered “noisy” instead such that its spectrum centers
at a high frequency and with a width much larger than 1=� .

15.2.2 Directly Modulated Laser Diode

The effectiveness of a superimposed high-frequency phase modulation in reducing
interferometrically generated noise has been shown in the above section. However,
the arrangement shown on Fig. 15.2b where both external phase and intensity modu-
lators are employed is not desirable in practice. It is far more preferable to apply both
the data and high-frequency modulation directly to the laser, as shown in Fig. 15.2c.
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Note that the data and the high-frequency signal are first mixed (multiplied) together
before being applied to modulating the laser current. In this section, it is shown
that apart from slight quantitative differences, this scheme achieves a similar noise
reduction effect as in the ideal case considered previously. For the analysis, one can
use the fact that when directly modulating a laser diode, the phase and amplitude of
the output lasing field are related by [60]

P
m D ˛

2�

1

P.t/

@P.t/

@t
: (15.24)

One assumes that the high-frequency modulation current applied to the laser
diode is sinusoidal, at frequency f0. Using the result of a large signal analysis [154],
the output intensity is given by

Pm.t/ D P0

I0.a/
ea cos.!0t/; (15.25)

where I0.a/ is the modified Bessel function of zero order and a is a parameter
describing the modulation depth parameter, which depends both on the frequency
and the modulation amplitude [154]. The phase modulation is given by (15.24) and
(15.25), which is, assuming a D 2� , 
m.t/ D a cos.!0t/. The field at the laser
output is

E.t/ D p
P.t/eja cos.!0t/; (15.26)

where P.t/ D Pm.t/d.t/ and one has assumed that the phase modulation due to
the data input is negligible compared to that due to the high-frequency superimposed
modulation. This is justified by the fact that the latter is applied at a much higher
frequency than the former and the phase modulation frequency is first-order propor-
tional to the modulation frequency, as evident from the relationship in (15.24). The
influence of laser phase noise was neglected. Using the previous results, one can
easily derive the expression for the signal and noise intensity at the output of the
fiber

iS.z; t/ D d.t/Pm.t/C  2d.t � �/Pm.t � �/ � d.t/Pm.t/; (15.27)

iN .z; t/ D 2 
p
d.t/d.t � �/pPm.t/Pm.t � �/

� cos
h
˝0� C�
.t; �/C A sin

�
!0t � !0�

2

	i
: (15.28)

The autocorrelation function of the signal is

RS .ı�/ D Rd .ı�/Pm.t/Pm.t C ı�/: (15.29)
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It can be shown, after some algebra, that the autocorrelation of the noise is

hiN .z; t/iN .z; t C ı�/i
D 2 2Rdd.ı�/ �

p
Pm.t/Pm.t � �/Pm.t C ı�/Pm.t C ı� � �/

�R�.ı�/� cos

�
2A sin

�
!0ı�

2

�
cos

�
!0t � !0t

2
C !0ı�

2

��
: (15.30)

The term involving RC.ı�/ was neglected as before. If the discussion is limited
only to the small signal case, one can write

p
Pm.t/Pm.t � �/Pm.t C ı�/Pm.t C ı� � �/

D P 2
0

I 2
0 .a/

�
I0.B/C I1.B/ cos

�
!0t � !0�

2
C !0ı�

2

��
; (15.31)

where B D 2a cos
�!0�

2

	
cos

�!0ı�

2

	
. After time averaging, one can get for the

autocorrelation function:

RN2
.ı�/ D hiN .z; t/iN .z; t C ı�/i

D 2
. P0/

2

Rdd.ı�/R�.ı�/I0.B/
J0

�
2A sin

�
!0ı�

2

��
: (15.32)

This function is periodic, with period T D 1=f0, where f0 is the modulation
frequency. Again, the noise spectrum has the same form, as in the case of external
high-frequency modulation. The only term that is of interest is (as in the previous
cases) the baseband term. If Fourier series expansion of Bessel functions is used
[155], one can get for the baseband term.

RN0
.ı�/ D 2

. P0/
2

I 2
0 .a/

Rdd.ı�/R�.ı�/

�
h
I 2

0

�
a cos

�!0�

2

		
J 2

0

�
2a sin

�!0�

2

		

C2I 2
1

�
a cos

�!0�

2

		
J 2

1

�
2a sin

�!0�

2

		 i
: (15.33)

Figure 15.6 shows plot of the NRF versus normalized frequency f0� . The results
are very similar to the previous cases (Fig. 15.5).

15.2.3 Superimposed Modulation with Band-Pass
Gaussian Noise

It was seen in Sects. 15.2.1 and 15.2.2 that for a single-tone high-frequency phase
modulation, the interferometric noise can be reduced except for the unfortunate
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Fig. 15.6 Noise reduction factor versus f0� for directly modulated LD. a is parameter. The results
are very close to those on Fig. 15.5

situations when the modulation frequency and the round-trip delay is related by
f0� D k, where k is integer. To achieve suppression of interferometric noise under
all situations independent of � , one can consider broadening the single-tone modu-
lation into a noise band, centered at an arbitrary high frequency. This noise can be
generated, for example, by an ordinary diode.

To analyze the situation, consider the ideal case where phase modulator is applied
externally to the laser output (Fig. 15.2b). Let the modulation applied to the phase
modulator of Fig. 15.2b be bandpass noise n.t/ cos.!0t/. The electric field at the
input of the fiber is

E.t/ D p
d.t/P0ej˝0t ej�.t/ejan.t/ cos.!0t/ (15.34)

Then, following the procedure described in Sect. 15.2.1, one can get for the
autocorrelation function of the noise RN3

RN3
.ı�/ D 2. P0/

2Rdd.ı�/R�.ı�/ expf�a2Œ2Rn.0/� 2Rn.ı�/ cos.!0ı�/�g
� expf�a2Œ�2Rn.�/ cos.!0�/CRn.� C ı�/ cos.!0.� C ı�//

CRn.� � ı�/ cos.!0.� � ı�//�g (15.35)

where RN .ı�/ cos.!0ı�/ the autocorrelation function of the noise at the input of
the phase modulator. In principle, the noise power spectral density can then be
computed from the autocorrelation function (15.35). It consists of a large number of
terms.

If one assumes that � is much larger than the width of the autocorrelation function
Rn.ı�/, one can simplify the calculation of the noise reduction factor in (15.35). The
assumption is valid if, for example, � � 50 ns and at the same time the bandwidth
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Fig. 15.7 Noise reduction factor versus � for external phase modulation with Gaussian noise of
various bandwidth B . The phase modulation index is a2 D 4 and f0 D 1GHz

of the noise is in the order of 100 MHz. This is applicable in a system with length
of at least 10 m. In this case, in (15.35) all terms involving � can be neglected, since
Rn.ı�/ is very small for large � and one can get

RN3
.ı�/ � 2. P0/

2Rdd.ı�/R�.ı�/ expf�2a2ŒRn.0/�Rn.ı�/ cos.!0ı�/�g:
(15.36)

A minimum value for the noise reduction factor was calculated by summing the
power in the baseband contributed by the modulating noise (this is equivalent to the
assumption of having a single DC-component, as in the case of single-tone high-
frequency modulation). Two different power spectral densities for the modulating
noise were assumed: flat (band-limited) and Lorentzian, both with the same equiv-
alent bandwidth. In Fig. 15.7, the noise reduction factor versus � is shown. It can
be observed that the NRF decreases as the bandwidth of the modulating noise is
increased. For large values of � , the NRF becomes independent of the bandwidth.

The noise reduction factor versus a is shown on Fig. 15.8. Note that the spectral
shape of the band-pass noise is insignificant for the overall interferometric noise
reduction. Thus, for large � , the noise reduction depends only on the total power of
the modulating band-pass noise.

Thus, by picking a noise generator for driving the phase modulator, one can be
assured of the elimination of the interferometric noises originating from any multi-
ple reflections. With a noise bandwidth of several hundred megahertz, centered for
example at 1 GHz, interferometric noises resulting from reflections from interfaces
longer than 1 m can be practically eliminated (Fig. 15.7).
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Fig. 15.8 Noise reduction factor with Gaussian noise superimposed modulation for two different
power spectral densities (flat and Lorentzian) versus a, for large � and Rn.0/ D 1

15.3 Multimode Fiber: Modal Noise

In the previous sections, the noise reduction characteristics for the case of double
reflection in a single-mode fiber is derived. The result can be extended to multimode
fibers that exhibit modal noise. Extensive analysis of the modal noise phenomenon
and the steps to be taken to prevent it have been discussed in [156–158].

The modal noise is the result of two causes: first, any mechanical distortion
of the fiber due to vibrations, bending, etc., will produce phase changes between
fiber modes. Second, any source wavelength change will produce changes in the
relative mode delays. One should not consider long-term changes due to wave-
length drift of the laser, but instead consider short-term wavelength fluctuations,
arising from the finite linewidth of the laser. Here, one can assume that the modal
noise is caused exclusively by the laser wavelength fluctuations, although the exten-
sion to both wavelength fluctuations and mechanical distortions can be easily
incorporated.

Let the electric field at distance z be

Eout.t/ D
MX

iD1

 iE.t � ti / (15.37)

where ti are the delay times for fiber modes. To simplify the analysis, one can
assume that all fiber modes are equally (uniformly) excited, which represents, in the
case of no superimposed modulation, the worst case as far as modal noise is con-
cerned [157]. This approximation does not affect the results significantly. The exact
excitation will produce the same results as with uniform excitation but with smaller
number of modes. Since the number of modes in a multimode fiber is usually very
large, the effect of this approximation is negligible.
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Fig. 15.9 Noise reduction factor versus f0z (z is the fiber length) for direct phase modulation with
single-tone and multimode fiber exhibiting modal noise. The number of modes is assumed to be 50,
which are equally excited. The large number of modes makes the NRF aperiodic, as in the case of
modulation with band-pass Gaussian noise

A high-frequency superimposed modulation is applied directly to the laser as
illustrated in Fig. 15.2c. Then, the autocorrelation function becomes (for direct
modulation of LD with a single laser mode)

RN0
D 2P 2

0

I 2
0 .a/

R�.ı�/
MX

iD1

0
MX

j D1

0. i j /
2

�
h
I 2
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�!0�ij

2

		
J 2
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2

		

C2I 2
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�
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2

		
J 2

1

�
2a sin

�!0�ij

2

		 i
; (15.38)

where �ij D ti � tj is the relative mode delay between fiber modes and the prime
denotes that the summation excludes the cases when i D j .

Figure 15.9 shows simulation results using (15.38) for the NRF due to directly
superimposed modulation. One can notice that the increased number of fiber modes
removed the periodicity that was observed in the case of double reflections in a
single-mode fiber (Fig. 15.5). After the initial decay, NRF remains almost constant
and independent of the frequency of the superimposed modulation. The reduction is
dependent on a parameter “a”, which is a modulation depth parameter.

15.4 Conclusion

The analysis of this chapter provides a theoretical framework for the suppression
of interferometric noise by a superimposed high-frequency modulation. The funda-
mental mechanism for this reduction process is the redistribution of noise energy
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to high frequencies due to a superimposed phase modulation, as illustrated by the
simple, but idealistic case of Fig. 15.2b. The more practical situation in which the
high-frequency modulation is applied directly to the laser diode modulation can
be interpreted as a manifestation of the ideal phase modulation scheme through
frequency chirping of the lasing emission. Modulation with a single tone produces
noise suppression for most situations except when the modulation frequency and the
inverse round-trip delay of the reflective interfaces are related by integer multiples.
This situation is avoided if modulation is applied with multiple tones, or preferably
a bandpass filtered white Gaussian noise source, as long as the bandwidth of the
noise source is larger than the inverse of the shortest � anticipated in the fiber link.

In the above analysis, the fiber chromatic dispersion due to the chirping has not
been considered. It will manifest itself as additional power penalty; however, the
noise floor due to the multiple reflections observed in [69] will be avoided. In any
event, the chromatic dispersion is not a dominant effect in multimode or short fiber
links.

It is interesting to note that the high-frequency modulation occurs naturally for a
self-pulsating laser diode [158]. Although the self-pulsating mechanism originates
from an undamped relaxation oscillation process due to the presence of a saturable
absorber in the laser (one but not the only means to generate self-pulsation) and is
quite different from the case of an externally applied modulation, the characteristics
of the laser emission are practically very similar for both cases. Self-pulsation can be
regarded, from the point of view of its output characteristic, as a directly modulated
non-self-pulsating laser with a near 100% modulation depth. The results obtained
in this paper are, thus, applicable to those lasers as well.

In contrast to single-mode fibers, for multimode fiber, the NRF does not show the
periodic peaking even for a single-tone phase modulation. This is attributed to the
large number of modes, which introduces yet another degree of randomness with
consequences similar to the case of multitone modulation.

In the simulation, uniform excitation of fiber modes was assumed, which gives,
according to the literature, the largest modal noise in the absence of superimposed
modulation. When one applies the high-frequency superimposed modulation, the
uniform excitation becomes the best case, for the reasons explained earlier. If com-
bined with other existing techniques, superimposed modulation can considerably
reduce the level of phase (and modal) noise in optical communication systems using
multimode fiber. These techniques are useful to the extent that most legacy inbuilt
fiber infrastructures are of the vintage multimode type, subjected to performance
degradations from modal noise effects.



Chapter 16
Millimeter-Wave Signal Transport Over Optical
Fiber Links by “Feed-Forward Modulation”

16.1 Principle of “Feed-Forward Modulation” for mm-Wave
Signal Transport over an Optical Carrier

Development of optical modulation techniques at frequencies of tens of gigahertz
is motivated to a large part by potential applications in microwave and millimeter-
wave signal transport in optical fiber, such as point-to-point free space data links for
commercial applications and phased array antenna systems for military applications.
Most of these systems operate over a relatively narrow band (�a few gigahertz),
although the carrier frequency may vary over a wide range (as in frequency hop-
ping schemes). Recent work in high-frequency, narrow-band modulation includes
direct modulation, specifically resonant modulation (Part II of this book), which
takes advantage of coupling between longitudinal modes of a laser diode to enhance
the optical modulation efficiency of laser diodes over a narrow band around the
frequency separation between longitudinal modes of the laser diode, in the tens to
even hundreds gigahertz range for common laser diode structures [88,159]. Another
possible approach is traveling wave external modulators (Appendix C). While the
former has the potential of driving down component cost by utilizing the existing
mass manufacturing infrastructure serving the telecom industry. An inherent draw-
back is that, once implemented, the monolithic device does not allow for flexibility
in varying the operational frequency band. This chapter describes a scheme for
narrow-band (�gigahertz’s) millimeter-wave optical modulation where the modu-
lation frequency band can be easily tuned over a span of tens of gigahertz. No high
frequency optoelectronic components are required, with the exception of a high-
speed photodetector (which is a commercially available component, and which is
needed at the receiving end of any fiber link for transmission of mm-wave sub-
carrier signals regardless of how the transmitter is implemented). The scheme is
based on the (electrically) tunable beat note generated by photomixing of two sin-
gle frequency (DFB) laser diodes. Attempts have been made in the past to use the
photomixed beat note as a variable frequency RF signal source, but the desirable
choices of employing rugged and inexpensive laser diodes or even the less rugged
and more expensive diode-pumped YAG lasers for this purpose invariably result in
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instability of the beat note due to the intrinsic phase noise of the lasers, as well as
extrinsic factors, which remains to be an issue. In any event, the beat note so gener-
ated is only a relatively noisy RF-carrier (modulated on an optical beam) that must
be encoded with the signal one intends to transmit. A well known method to achieve
this is through the use of a phase-locked loop, although it is inherently difficult to
extend the bandwidth of any feedback technique to much beyond 100 MHz [160].
The technique described in this chapter starts with a standard (noisy) laser beat
note generated by photomixing two commercial laser diodes and, through the use
of feed-forward compensation, imprints the desired mm-wave signal on the optical
beam.

The operational principle of the modulation technique is shown in Fig. 16.1.
The polarization controller allows for proper alignment of the polarization of the
two lasers such that their electric fields are combined in the fiber optic directional
coupler. Express the electric field of laser 1 and 2 as

E1;2 D A1;2ei Œ!1;2tC�1;2.t/�; (16.1)

where A is the field amplitude, ! the optical frequency, and 
 the time dependent
phase fluctuations that arises from the finite linewidth of the lasers, then the intensity
propagating on the fibers after the coupler is

I D I0Œ1C k cos.!bt C�.t//�; (16.2)

where k D 2A1A2=A
2
1CA2

2 is the modulation depth of the beat note,!b D j!1�!2j
is the beat note frequency, and � is the beat note phase. One of the outputs from
the coupler is detected by a standard high-speed photodetector and the beat note
is mixed with the input millimeter-wave signal to be transmitted, which, for the
purpose of this analysis, is assumed to be a sine wave at the frequency !in. The
laser frequencies are adjusted so that the !b, is close to, but not exactly equal to
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Optical
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Frequency Band
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3-dB
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Temperature Controlled
1.3 µm Lasers

Intensity
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Fig. 16.1 Schematic drawing showing the operational principle of the modulation technique. The
light from the two lasers is combined in the fiber optic coupler. One output of the coupler is detected
and mixed with the electrical input. The down-converted signal drives the optical modulator to
produce an intensity spectrum that contains a replica of the input signal that is not influenced by
the beat note phase noise
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!in. The down converted signal is filtered, amplified, and sent to drive an optical
modulator, which modulates the light from the other coupler output. The mod-
ulator only has to respond to the low frequency down converted signal, not the
high-frequency mm-wave signals. Assuming the modulator is operated in the linear
region, its output can be expressed as

Iout D I0

2
f1C k cosŒ!bt C�.t/� �m cosŒ.!in � !b/t C�.t C �/�

�km

2
.cosŒ.2!b � !in/t C�.t C �/C�.t/�/

C cosŒ!int C�.t/ ��.t C �/�/g; (16.3)

where I0, is the optical intensity at the modulator input, m is the RF modulation
depth of the optical modulator, � is the difference in time delay of the two paths
from the coupler to the modulator, and !in is the angular frequency of the input
signal. The intensity spectrum of (16.3) has four components: the low frequency
down converted signal (!b � !in), the beat note (!b), a mixer product at 2!b � !in,
and a replica of the input signal (!in). This last component at !in is the desired
signal to transmit. The other spectral components will be filtered out electrically at
the receiver end.

The spectral components in (16.3), are, with the exception of the !b � !in com-
ponent, illustrated in Fig. 16.2a. The noise pedestal on the signal at win results from
a mismatch in time delay between the two arms of the feed-forward modulator. To
quantify the influence of the delay, the power spectrum of the win component of
(16.3) is calculated. Assuming that the laser phase noise has a Gaussian distribution
with a coherence time tb (i.e., the beat note is a Lorentzian with an FWHM linewidth
of 1=�tb, which is approximately equal to twice the optical linewidth of the lasers),
the power spectrum is

S.!/ D 2�e
j� j

tb ı.!/C 2tb

!2t2b C 1
	


1 �

� j� j
tb

sin.!j� j/
!j� j C cos.!j� j/

�
e

j� j

tb

�
;

(16.4)

where ! is the frequency offset from !in. As expected, the expression shows that
the spectrum is composed of the signal (the delta function) plus a noise pedestal that
will be reduced to zero when � D 0 as shown in Fig. 16.2b. Assuming � � tb, the
spectrum in the vicinity of the signal can be simplified to

S.!/ D 2�e
j� j

tb ı.!/C j� j
tb
: (16.5)

The signal-to-noise ratio (SNR) in a 1 Hz bandwidth (S=N ) is then simply given by
2�tb=j� j2, which evaluates to 166 dB with tb D 160 ns (corresponding to an optical
linewidth of 1 MHz which has been demonstrated for DFB semiconductor lasers
[161]) and � D 5 ps (corresponding to roughly 1 mm of propagation length in a
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Fig. 16.2 Typical intensity spectra of the output signal showing the effect of varying the time
delay difference (� ) of the two paths between the directional coupler and the optical modulator.
The time delay difference, which is roughly 20 ns in (a) is reduced to less than 1 ns in (b), leading
to the elimination of the noise pedestal, a higher signal power, and a more dispersed component at
2!b � !in. Note that the horizontal frequency range can easily be shifted by over tens to hundreds
of gigahertz by electrical tuning of the emission wavelength (frequency) of the laser diodes, sub-
jected only to the availability of mm-wave mixer components, and photodiodes responsive at those
frequencies

silica waveguide). It follows that in a well-designed system with proper adjustment
of � , the noise pedestal should become insignificant compared to typical noise levels
in fiber optic transmission systems.

One observes from Fig. 16.2 that, in addition to the noise pedestal, another source
of noise arises from the Lorentzian laser beat note at !b, the fringe of which extends
out to the signal frequency !in. The S=N due to this noise source is approximately

S=N D m2.!in � !b/
2tb

8B
: (16.6)
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With m D 0:9, !in�!b
2�

D 20GHz and tb D 160 ns as before, this evaluates to
144 dB (1 Hz), again comparable to those of traditional fiber optic transmission
systems. This also illustrates the importance of using narrow line width lasers for
this transmission scheme.

The above noise components present in this modulation scheme are in addition to
shot noise and thermal noise (laser relative intensity noise is not important because
the frequency range of operation is well above the laser relaxation oscillation fre-
quency). These latter noise sources are common to all fiber optic links and will not
be discussed further here.

For an experimental demonstration, two 1.3�m DFB lasers were used with ther-
moelectric coolers for temperature control and stabilization. Using a combination
of temperature and injection current tuning, the beat note could easily be tuned over
the 45 GHz range of the detection bandwdith of the photo detectors. Under typical
bias conditions, the beat note intensity spectrum of the two lasers can be accurately
modeled as a Lorentzian with a full-width-at-half-maximum (FWHM) of 25 MHz
(corresponding to a coherence time of 13 ns) near line center, but had roughly 5 dB
of extra noise more than 2 GHz away from the peak. The optical modulator had a
bandwidth of 4 GHz, and a variable delay was used to reduce the delay difference
of the two optical paths to less than 0.25 ns.

With these components, an S=N of 103.3 dB (1 Hz) at !in�!b
2�

D 8GHz was
achieved. The ratio of the energy in the sine wave to the energy in the beat note is
roughly 0.2, which implies that the modulation depth is approximately 0.9. Con-
sidering the 5 dB extra noise of the laser beat note compared to a Lorentzian, this
result is in reasonable agreement with (16.6), which gives an S=N of 113 dB with
m D 0:9, !in�!b

2�
D 2GHz and tb D 13 ns.

A rudimentary demonstration of the high frequency capability of this modulation
technique was carried out through transmission of a simulated radar pulse train at a
carrier frequency of 40 GHz, as shown in Fig. 16.3. The repetition rate of the radar
pulse is 247 kHz and the duty cycle is approximately 25%. The S=N at 40 GHz is
thermal noise limited due to the large noise figure of the mixer used to down convert
the output signal. This leads to some degradation of the transmitted signal, but the
comparison in Fig. 16.3 clearly shows that the output replicates the input closely.
With proper choice of components, the S=N at these millimeter-wave frequencies
should be close to that shown before [>140 dB (1 Hz)].

In principle, the modulation technique described above is capable of a trans-
mission band centered at the beat note frequency with a width equal to twice the
bandwidth of the optical modulator. In this band, the response is determined only
by the optical modulator, the receiver, and the electrical components. This is illus-
trated in Fig. 16.4 which shows the one-sided normalized frequency response with
the beat frequency set to 36 GHz. The response has a relatively flat region from 36 to
38 GHz, followed by a sharp roll-off caused by a combination of the IF-bandwidth
of the down converting mixer at the output and the bandwidth of the amplifier driv-
ing the optical modulator. In a practical system, however, the center of this band is
not useful because of the noisy beat note, but bandwidths of several gigahertz are
still possible.
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This section describes an innovative technique for band limited, tunable, high
frequency optical modulation in the mm-wave frequency range. Experimentally,
optical transmission at 40 GHz has been demonstrated with good fidelity for a use-
ful bandwidth in excess of 1 GHz and an S=N of 103.3 dB (1 Hz) at 8 GHz away
from the mm-wave carrier using standard 1.3�m DFB lasers and a 4 GHz exter-
nal optical modulator. All components used are off-the-shelf, and integration of the
components to perform the intended function is through rugged fibers and fiber
couplers is a well known art. The operational mm-wave band is tuned electroni-
cally, with no adjustable moving parts. Theoretically, it can be shown that with very
stable DFB lasers (.1 MHz line width) and a high frequency (20 GHz) external
optical modulator (which is commercially available), the SNR can be improved to
better than 140 dB (1 Hz). Further improvements can be achieved by using stable,
high power lasers like diode pumped YAG, albeit at the cost of increased sys-
tem cost and complexity. Because of the capability for high frequency operation,
wide tunability range, and good signal quality, this modulation technique is a viable
alternative to common direct or external modulation techniques in remote-antenna
communication and/or radar systems operating at the mm-wave band.

16.2 Demonstration of “Feed-Forward Modulation”
for Optical Transmission of Digitally Modulated
mm-Wave Subcarrier

The use of optical fiber for efficient transport of narrowband mm-wave signals is a
subject of considerable interest for a variety of applications, both commercial and
military [107, 110, 162–164]. Recently, direct modulation up to 30 GHz has been
demonstrated for quantum-well lasers [165]. The principles and physics which gov-
ern these limits have been discussed thoroughly in Part I of this book. In Part II,
narrowband resonant enhancement has been described and demonstrated for signal
transmission at frequencies �35 GHz [162, 163]. A new technique was introduced
for mm-wave signal transmission using feed-forward optical modulation. Its basic
small-signal modulation and noise characteristics were described in Sect. 16.1 [164].
The potential of this technique to transmit data with high fidelity is conditional upon
having adequate small-signal bandwidth as well as good distortion characteristics
under large signal modulation. In this section, a demonstration of transmission of
300 Mbit s�1 BPSK data at a carrier frequency of 39 GHz over 2.2 km of single-
mode fiber is described. Furthermore, these results imply that gigabit-per-second
data rates at subcarrier frequencies extending to 100 GHz and beyond are possible
using currently available commercial components.

The experimental setup is shown in Fig. 16.5. The dotted enclosure represents
the feed-forward mm-wave optical modulator. Details on the operational principle
of this modulation technique was described before in Sect. 16.1 [164]. In brief, a
beat note at 36.5 GHz generated by photomixing two 1.3�m DFB lasers is elec-
trically mixed with the input mm-wave signal which centers at 39 GHz and is
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Fig. 16.5 Experimental setup used to measure BER

binary-phaseshift-keyed (BPSK) modulated at 15–300 Mbit s�1. The resulting IF
“error” signal at 39.0–36.5D 2.5 GHz is fed-forward to an external optical mod-
ulator, which impresses the BPSK modulated mm-wave carrier at its output. The
optical signal out of the feed-forward modulator is transmitted through fiber and
detected by a high speed photodiode. Bit-error-rate (BER) measurements are car-
ried out after the signal is downconverted to baseband, amplified, lowpass filtered
and Sent to the error-rate tester. Figure 16.6 shows the measured BER as a function
of received optical power for transmission distances of several meters (squares) and
2.2 km (crosses) at 150 Mbit s�1. The BER against CNR is also shown in Fig. 16.6
(circles). The CNR was obtained by measuring the baseband SNR and using CNR D
2SNR for BPSK [166]. At BER D 10�9, an optical power of �9.8 dBm and a CNR
of �15 dB is required. To demonstrate transmission at >150 Mbit s�1, one can plot
the optical power penalty as a function of bit rate, with BER fixed at 10�9. As
shown in Fig. 16.7, an additional 1.2 dBm of optical power is required to transmit at
300 Mbit s�1.

As discussed in Sect. 16.1, two noise components specific to the feed-forward
transmitter are the delay mismatch between the two paths from the coupler to the
external modulator (which creates a phase noise pedestal at !MM), and the “spill-
over” of the “tail” of the beat note (at !B) into the signal band at !MM [164]. The
relative importance of these noises, as compared to conventional shot and thermal
noise, can be quantified using the following expression for the CNR:

C=N D Œ.C=N/�1
shot C .C=N/�1

thermal C .C=N/�1
delay mismatch C .C=N/�1

beat note�
�1

�
16qB

RP0k2m2
C 32kBTBF

R2P 2
0 k

2m2R0

C�vj� j2B C 2�vB

�m2f 2
D

��1

: (16.7)



16.2 Transmission of mm-Wave Subcarrier by Feed-Forward Modulation 163

Fig. 16.6 BER as a function
of received optical power and
CNR at 150 Mbit s�1. CNR
measured to within ˙1:5 dB
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The laser relative-intensity-noise (RIN) is not included here because the oper-
ating frequency range is well above the relaxation frequency of the lasers. The
parameters in the above expression are defined and summarized in Table 16.1.
Note that the existing system is thermal-noise limited because the received opti-
cal power is relatively low. The error probability for BPSK is therefore BERBPSK �
1=2 erfcŒ.C=N/thermal�.

From the above discussion, it is clear that the photomixed beat note can be easily
adjusted to any frequency within a few hundred gigahertz. The maximum carrier
frequency in the feed-forward transmitter is therefore limited only by the band-
width of the photodetector (40 GHz in this case). The data rate on the other hand is
limited by the electrical bandwidth of the external modulator (4 GHz in this case).
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Table 16.1 Summary of measured system parameters

Parameter Symbol Value

Received optical power P0 �9.8 dBm for BER D 10�9

Modulation depth of beat note k �1
Modulation index of modulator m �1
Detector responsivity R 0.4 A/W
Resistance R0 50 Ω
Filter bandwidth B 300 MHz
Noise figure F 13
Beat-note linewidth �v 30 MHz
Delay mismatch r <5 ps
Difference frequency fD D fMM � fB 2.5 GHz
Carrier power C R2P 2

0 k
2m2=32

C=Nshot RP0k
2m2=16qB 47 dB

C=Nthermal R2P 2
0 k

2m2R0=32kBTBF 22 dB
C=Ndelay mismatch 1=�vj� j2B 66 dB
C=Nbeat note �m2f 2

D=2�vB 30 dB

Photodetectors with bandwidths in excess of 100 GHz have been demonstrated and
external modulators with bandwidths �20 GHz are commercially available. There-
fore, gigabit data rates at carrier frequencies>100GHz are possible. As an example,
for transmission of a 5 Gbit s�1 signal centered at fMM D 100GHz, one would use
an external modulator with a bandwidth of 10 GHz. The beat note should then be
adjusted such that fB � fMM is 5 GHz (to allow for lower and upper sidebands of
the data signal).

Optical transmission of 300 Mbit s�1 BPSK data at 39 GHz using feed-forward
modulation has been demonstrated. The modulator is based on an innovative princi-
ple which allows for gigabit data transmission at carrier frequencies well beyond the
relaxation frequency of a semiconductor laser. The modulator can be built with com-
mercially available components that are all optoelectronic-integrated circuit (OEIC)
compatible.



Chapter 17
Frequency Planning for Minimal
Intermodulation Distortion

17.1 Introduction

A principal measure of the performance of a fiber optic link for transmission of
multichannel subcarrier signal is linearity of the link as measured by metrics includ-
ing composite-triple-beat (CTB) and composite-second-order (CSO). Definitions of
these quantities can be found in Appendix A. For CATV trunking applications, a
CTB and a CSO of �65 dBc with a carrier-to-noise ratio (CNR) of 52 dB are typical
requirements. To achieve these low distortion levels at a sufficiently high modulation
index to meet the link power budget required for distribution, numerous techniques
have been proposed to reduce the distortion level [194–196, 198]. Among them are
feed forward compensation, predistortion compensation, and TE-TM cancellation.

For systems or applications not under legacy or regulatory constraints, it is
possible to minimize distortion level by assigning channel frequencies such that
the number of distortion terms due to channel mixing falling on each channel is
minimized.

While a useful, in fact desirable approach in the design phase of a new system
construct, its application to transmission of legacy, highly regulated CATV signals
requires a large array of RF mixers to shift the carrier frequencies of each of the
channels just for the purpose of transmission over fiber. This can be at the same time
ungainly and expensive. Thus for this most prevalent applications of linear fiber
optic systems, conventional distortion reduction schemes such as those reported
in [194–196, 198] may be more applicable. Furthermore, in situations where the
available transmission bandwidth of a single fiber-optic link is not sufficient to
accommodate the desired assignment for all subcarrier channels multiple distribu-
tion links are required. These multiple links can be distinct physical links or different
wavelengths multiplexed on a single fiber. An optimization algorithms for frequency
allocation in a multi-link situation will be described in Sect. 17.3.

Consider a multi-channel transmission link in which p channel frequencies are
selected from a comb of n > p equally spaced carriers f1, f2, f3; : : : ; fn within a
given band.

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 17,
© Springer-Verlag Berlin Heidelberg 2011

165



166 17 Frequency Planning for Minimal Intermodulation Distortion

Based on the frequencies of the distortions generated by mixing between carriers
in a multi-channel link, it may be possible to properly select the carrier frequencies
of the p channels fi , i D 1 to p < n, such that the beat frequencies, fi ˙ fj ˙ fk

for the third-order (and fi ˙ fj for the second-order) distortions all fall in between
channels and are thus rendered innocuous. This scheme is generally applicable to
any transmission system, including fiber links employing directly modulated laser
diode and externally modulated laser transmitters at any frequency range, be it
RF, microwave or millimeter wave; as a matter of fact, this approach was origi-
nally applied in satellite communications where high power traveling-wave tube
amplifiers used to relay multi carrier signals exhibit substantial nonlinearities.

Prior work on this approach applied to a single link (Okinaka Algorithm) is
first discussed in Sect. 17.2, followed by introduction in Sect. 17.3 of a new multi-
channel optimization algorithm suitable for CATV distribution. Section 17.4 con-
cludes this chapter with discussions of combinations of linearization techniques.

17.2 Algorithms for Single-Link Frequency Planning

17.2.1 Babcock Spacing

The number of distortion terms generated by simultaneously transmitting multi-
ple channels through a nonlinear device has been studied and tabulated previously
[201, 202]. If all carrier frequencies are confined to a band within one octave, no
second-order distortion will occur the band. When the number of channel is large,
the dominant third-order distortion is the f1 C f2 � f3 type, on combinatorial
basis. To avoid the distortion arising from these third order beat notes, Babcock
[203] showed that by properly choosing the frequency spacing between channels,
f1 C f2 � f3 type distortions can be eliminated. The spacing is then referred to
as “Babcock’s spacing.” Table 17.1 depicts a list of channel frequencies with Bab-
cock’s spacing wherep is the number of occupied channels and n is the total number
of consecutive channels. For example, to achieve a five-channel system (p D 5)
with Babcock’s spacing, a bandwidth of 12 consecutive channels is required. The
occupied channels are channel 1, 2, 5, 10, and 12.

Table 17.1 Babcock Spacing. p is the number of occupied channel and n is the total number of
consecutive channels

p n Channel frequency

3 4 1, 2, 4
4 7 1, 2, 5, 7
5 12 1, 2, 5, 10, 12
6 18 1, 2, 5, 11, 13, 18
7 26 1, 2, 5, 11, 19, 24, 26
8 35 1, 2, 5, 10, 16, 23, 33, 35
9 46 1, 2, 5, 14, 25, 31, 39, 41, 46
10 62 1, 2, 8, 12, 27, 40, 48, 57, 60, 62
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Table 17.2 Golomb’s ruler
f1 f2 f3 f4 f5 f6 f7

�f1;1 �f1;2 �f1;3 �f1;4 �f1;5 �f1;6
�f2;1 �f2;2 �f2;3 �f2;4 �f2;5

�f3;1 �f3;2 �f3;3 �f3;4
�f4;1 �f4;2 �f4;3

�f5;1 �f5;2
�f6;1

Table 17.3 Golomb’s ruler example

0 1 4 10 21 29 34 36

1 3 6 11 8 5 2
4 9 17 19 13 7

10 20 25 24 15
21 28 30 26

29 33 32
34 35

36

A mathematical quiz called “The minimum length Golomb’s ruler” has the same
property of the Babcock’s spacing [204]. The Golomb’s ruler is a ruler of p marks
(including end marks) that every distance between a pair of marks is unique. In fact,
it is easier to understand the property of the Babcock’s spacing by the Golomb’s
ruler. As shown in Table 17.2, the first row of the triangle is a Golomb’s ruler spac-
ing where�f1;j D fj C1 �fj . The second row,�f2;j is the spacing between every
other marks. In general, one can derive �fi;j D �fi�1;j C �f1;iCj �1. Each ele-
ment in this triangle is the spacing between a pair of marks or correspondingly the
difference between two carrier frequencies. Shown in Table 17.3 is an example of
Golomb’s ruler. If two elements in the triangle are the same, this means that

fi � fj D fk � fl (17.1)

or

fi D fj C fk � fl (17.2)

A f1 Cf2 �f3 type third-order distortion is then generated. Clearly from (17.2),
if no two distinct elements in the triangle are equal, there will be no f1 C f2 � f3

type third order distortion. There is no systematic way to find the Babcock spacing,
despite its great ability to realize a distortion-free system. Furthermore, for a system
with a large number of channels, the total bandwidth required to implement the
Babcock’s spacing becomes quite large. For example, for a 10-channel system, the
total number of bandwidth required is 62-channel bandwidth.
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17.2.2 Okinaka’s Algorithm

Okinaka presented an algorithm for a systematic search of the channel assignment
for distortion reduction [205]. Shown in Fig. 17.1 is the Okinaka algorithm. A cer-
tain initial assignment ofp channels to a set of n > p carrier frequencies is assumed.
The number of third order intermodulation distortion terms falling on each channel
is calculated, and the largest number among all channels is recorded as the worst
case CTB, “wc-CTB.” Note that wc-CTB is a number while CTB is a ratio (in dBc).
A series of “deletion” and “insertion” processes is then carried out as described in
the following.

The purpose of the “deletion” process is to systematically search which of the p
assigned channels, upon its removal, will result in the smallest wc-CTB. The search
involves removing and then replacing each of the p assigned channels one at a time.
After each removal, the wc-CTB is calculated and recorded. The “remove-calculate-
replace” process is then systematically performed on all of the p assigned channels.
The channel whose removal leads to the smallest wc-CTB will then be deleted at
the end of the “deletion process.” Next, an “insertion process” is initiated, whose
purpose is to systematically search which one of the .n � p/ unoccupied carrier
frequencies, upon insertion of a channel, results in the lowest wc-CTB. The search
involves inserting and then removing a channel at each of the .n � p/ unoccupied
carrier frequency, the wc-CTB calculated and recorded after each insertion. After
this “insertion-removal” process is systematically performed on all .n�p/ unoccu-
pied carrier frequencies, the inserted channel that leads to the smallest wc-CTB will
be left in place. After a consecutive pair of “insertion”–“deletion” or “deletion”–
“insertion,” the total number of channel will remain unchanged, and the wc-CTB
will either be reduced or will remain unchanged. The wc-CTB cannot increase
because the channel deleted in the preceding deletion process can always be selected
to be the inserted channel in the subsequent insertion process; thus resulting in an
unaltered channel assignment and thus an identical wc-CTB. When the wc-CTB
is unchanged after a pair of “insertion”–“deletion” and “deletion”–“insertion” pro-
cesses, a minimum of the wc-CTB is found and the program is terminated. Since
the algorithm always forces the wc-CTB to decrease, it will eventually settle at a
local minimum of wc-CTB. Other optimization algorithms such as simulated anneal-
ing [206] provide a possible means to search for the global minimum. However,
simulated annealing requires lengthy computing time. Okinaka’s algorithm gives a
quasi-optimum frequency allocation within a reasonable computing time.

Applying the Okinaka’s algorithm to CATV broadcasting encounters some dif-
ficulties. For example, a 40 channel system with a bandwidth utilization ratio of
1=3 will need a total bandwidth of 120 channels. The bandwidth utilization ratio is
defined as the number of occupied channels over the total number of carrier frequen-
cies. Since the carrier frequencies are pre-assigned by the Federal Communications
Commission (FCC), all channels that are reallocated need to be down/up converted
to the pre assigned frequencies. This requires a large number of frequency conver-
sion devices such as RF mixers and filters, resulting in a high system cost. This
can be alleviated by using a multi link configuration along with an optimization
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algorithm for distortion minimization to be described in the next section. Instead of
up/down converting channel frequencies to a broader frequency range on one link,
channels are distributed among multiple links. Since each link only carries a portion
of the channels, optimization of the channel allocations is possible without the need
to extend the frequency range of operation beyond original frequency band with a
concomitant increase in component cost.

17.3 Multi-Link Frequency Planning Algorithm

In this section, a multi link configuration and optimization algorithm for distortion
reduction is described [207]. The approach described here is an adaptation of the
Okinaka Algorithm for a single link discussed in Sect. 17.2. Since the number of
distortion terms for CTB scales approximately as N 	 .N � 1/, where N is the total
number of channels [208]. One can consider lowering the CTB of the transmitted
signals by splitting the channels among a multitude of less costly links, since the
performance requirement of each link will be correspondingly lower. Figure 17.2b
shows two of the simplest multi-link channel allocation schemes possible which are
based on fixed spacing channels planning (FSA and FSB). On each link, the number
of channel is N=L where L is the number of parallel links. Both FSA and FSB will
have the same number of CTB which is proportional to .N=L/.N=L � 1/. For a
largeN=L, the number of CTB terms in each link scales inversely as L2. Assuming
that all CTB terms sum incoherently, splitting channels intoL separate parallel links
will reduce the power of CTB interference by 20 log.L/ dB.

While the fixed spacing planning shown in Fig. 17.2b is perhaps the most
straight-forward approach, further reduction in distortion is possible by judiciously
selecting the channels for each group (Fig. 17.2c). The channels are selected such
that the largest number of CTB products fall on carrier frequencies not occupied by
a channel. This frequency allocation scheme is referred to simply as frequency plan-
ning (FP). The total number of channels in each link in Fig. 17.2c is N 0 D N=L.
Define the bandwidth utilization ratio as r D 1=L, which is the fraction of car-
rier frequencies occupied by channels, It is obvious that a smaller r leads to a
higher degree of flexibility in channel assignment, leading to a reduction in the
number of CTB terms falling on each channel. The CTB reduction factor, defined
as Rim D .no. of CTBoriginal/=.no. of CTBFP/, has been shown by Okinaka through
simulation [205] to be inversely proportional to r and depend only weakly on N 0.
An empirical formula for Rim is

Rim D 1:8

N 00:1r1:2
(17.3)

The above result assumes total flexibility in assigning channels within one link.
In the multi-link case considered here, the flexibility is reduced since the channels
in different groups must be mutually exclusive (Fig. 17.2c). A new algorithm based
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Fig. 17.2 Channel allocation methodologies

on the Okinaka algorithm will be described below in Sect. 17.3.1 for optimization
of channel assignment in multiple links simultaneously.

17.3.1 Modified Okinaka Algorithm for Multi-Link Frequency
Planning

First, the channels are assigned by Fixed Planning A (FSA), Fig. 17.2b. The “inser-
tion” and “deletion” processes in the Okinaka algorithm are modified for multi-link
optimization as follow. Figure 17.3a, b show the “insertion” and “deletion” pro-
cesses for the case of L D 3. Define the worst case CTB (wc-CTB) as the largest
number of CTB among all channels in all links. Unlike Okinaka’s original algo-
rithm, in the “deletion” process, one channel chosen from link 1 is deleted and then
moved to one of the other links. The wc-CTB for all possible choices of channels in
the source and destination links. The channel and the destination link which give the
lowest wc-CTB will be selected for the move. Similarly, for the “insertion” process,
one channel will be selected and moved from one of the the other links into link
1 the choice of link and channel for the move is one which results in the smallest
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Fig. 17.3 Multi-link “insertion” and “deletion” process

wc-CTB. Starting with the “deletion”–“insertion” process, the wc-CTB can never
be increased after a “deletion”–“insertion” process or “insertion”–“deletion” pro-
cess, for the same reason as in the original Okinaka’s algorithm (Sect. 17.2.2) After
repeated iterations of the “deletion”–“insertion” process until the wc-CTB cannot be
reduced any further, then the “insertion”–“deletion” process is executed. The algo-
rithm is programmed to terminate after two consecutive “deletion”–“insertion” and
“insertion”–“deletion” process loops fail to reduce the wc CTB further.

Further improvements can be obtained by adopting the following procedure. In
the above algorithm, one channel is deleted from or inserted into link1 as depicted
in Fig. 17.3. The exchange of channels between link 2 and link 3 must go through
link 1. To achieve more flexibility, one first uses the simulation results from perform-
ing the previous algorithm as the initial channel allocation. The same algorithm will
then be executed again except that “insertion” and “deletion” process will be carried
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Table 17.4 The low 20-channel CSO-free system

Link Channel

1 0, 1, 2, 3, 4, 14, 15, 16, 17, 18
2 5, 6, 7, 8, 9, 10, 11, 12, 13, 19

Table 17.5 An 80-channel CSO-free system

Link Channel

1 0, 1, 2, 3, 4, 25, 26, 27, 28, 29, 30, 31, 32, 33
2 5–24
3 34–79

out on link 2. This enables the direct exchange of channel between link 2 and link
3. Simulations show that for a 60 channel case, the wc-CTB can be reduced from 80
to 76.

Simulation result shows that Rim for the multi-link case is

Rim D 2:5

N 00:3r1:1
(17.4)

The overall CTB distortion for an optimal frequency planning is thus reduced
from the original situation (Fig. 17.2a) by a factor of 2:5L2=.N 00:3r1:1/. This
corresponds to a total CTB reduction of 4C 31 log.L/ � 3 log.N 0/.

Next consider the CSO reduction by frequency planning. The algorithm is sim-
ilar to the one for CTB reduction except that the worst case CSO (wc-CSO) is
used as the criterion for choosing channels. Two systems will be presented – a
20-channel system and an 80-channel system which are CSO free. Considering the
fact that CSO terms fall outside the signal band if all the frequencies are within one
octave. Table 17.4 shows the proper assignment of a 20-channel system split into
two links, and a corresponding 80-channel system split into three links is depicted
in Table 17.5. The number of CSO products for the frequency planning scheme in
the latter case (Table 17.5) is shown graphically in Fig. 17.4. Note that at every occu-
pied channel, indicated by a vertical bar in Fig. 17.4, the CSO term is always zero.
The reduction of CSO by frequency planning is evident.

17.3.2 Measurements

Distortion reduction by frequency planning is demonstrated in fiber links with two
types of optical transmitters – a directly modulated distributed feedback laser and a
CW laser with an LiNbO3 Mach-Zehnder external modulator. When biased at the
linear portion of the (sinusoidal) transfer function of the Mach-Zehnder modulator,
the dominant distortion is due to CTB as is obvious from the Taylor Series expan-
sion of the sinusoidal transfer function of a Mach-Zehnder modulator, which has no
second order term in the Taylor Series expansion at the maximum inflection points.
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Fig. 17.4 80-channel
CSO-free system
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On the other hand, CSO is primarily responsible for the distortion in the directly
modulated laser.

17.3.2.1 Demonstration of CTB Minimization

A 60-channel video distribution system using an external modulator was con-
structed. Listed in Table 17.6 are the channels assignment for a 60-channel system
after employing FP. The CTB was measured for three cases

1. 60 channels on one link,
2. 60 channels on three links with fixed spacing assignment and
3. 60 channels on three links with frequency planning according to Table 17.6.
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Table 17.6 60-channel FP assignment for CTB minimization

Link Channel

1 5, 6, 8, 11, 12, 19, 20, 23, 26, 28, 33, 38, 39, 40, 41, 44, 50, 52, 56, 59
2 2, 3, 4, 15, 18, 21, 22, 25, 27, 29, 31, 32, 36, 37, 42, 48, 54, 55, 57, 60
3 1, 7, 9, 10, 13, 14, 16, 17, 24, 30, 34, 35, 43, 45, 46, 47, 49, 51, 53, 58
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60 channels on one link

FSA

Frequency Planning

Fig. 17.5 Distortion reduction by frequency planning. Modulation index per channel is 5.6% for
all three cases. Refer to Fig. 17.2 for fixed spacing frequency assignment schemes “FSA” and
“FSB”

The overall reduction was 14–16 dB from case (1) to case (3) as depicted in
Fig. 17.5. To maintain an identical CNR for a fair comparison, the modulation index
per channel was kept at a constant in all three cases. From case (1) to case (2), the
CTB was reduced by about 10 dB. A further 3–7 dB reduction was obtained from
case (2) to case (3) which resulted in a total of 14–16 dB reduction when the full
scheme was implemented. The modulation index per channel used was 5.6% for
all three cases. Further reduction in the modulation index is necessary to achieve a
�65 dBc CTB for trunking applications.

To understand the relation among the modulation index, the number of channels,
and the CTB, consider the CTB for case (3) which should be reduced by 20 dB to
�65 dBc as shown in Fig. 17.5. This corresponds to a reduction of 10 dB in RF car-
rier power or a factor of 3.2 reduction in modulation index. Hence, the modulation
index becomes 1.8% for case (3). The relation among the modulation index, the
number of channel and the CTB can be expressed as

CTB /
�p

Nmi

	4

; (17.5)

where N is the number of channels and mi is the modulation index per channel.
The CTB is proportional to m4

T instead of m2
T because CTB is defined as the RF
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power ratio rather than optical power ratio. Note that the total modulation index
mT D N 0:5mi . The required reductions of CTB are, respectively, 25 dB and 35 dB
for case (2) and case (1) in order to achieve a CTB of �65 dBc. The corresponding
modulation index becomes 1.3% and 0.75% for case (2) and case (1), respectively.
The high modulation index for case (3) results in a higher CNR and a higher system
power budget.

Equation (17.5) is only valid when the distortion arises from a nonlinear P-I
characteristic in a directly modulated laser transmitter [199, 200]. By increasing
mT, it would encounter the nonlinear clipping transfer function of the laser diode
P-I curve. The experimental data show a turning point at mT around 32%. Beyond
this value, the distortion increases much sharper due to clipping.

17.3.2.2 CSO Minimization

CSO measurements were performed at the low 20 CATV channels. For these mea-
surements, a directly modulated DFB laser diode was used. The bias current and
threshold current of the laser diode were 70 mA and 23.8 mA, respectively. The
channels were divided into two groups. As the upper 10 channels are within one
octave, no CSO was measured. On the other hand, the lower 10 channels exhib-
ited a CSO of �40 to �50 dBc with a total modulation index of 0.5. After applying
frequency planning, as shown in Table 17.4, no CSO was measurable (less than
�75 dBc) on both groups. The maximum modulation index will then be constrained
by the clipping of the laser diode P–I response [193].

17.4 Discussion and Conclusion

In conclusion, reduction of distortion by frequency planning discussed in this chap-
ter can result in a 15-dB reduction in CTB for a 60-channel system. Two system
designs were presented which were CSO-free. Frequency planning with multiple
links provides an effective systems approach simple for distortion reduction. The
higher cost of multiple links is offset by the less expensive transmitter deployed
since linearity requirements which are considerably lower.

Multiple links distribution also offers better system fault tolerance. Channels on
any one failed link can be rerouted to the other links according to an alternative fre-
quency planning so that system functions can resume promptly. Frequency planning
schemes described above can be applied to multi-channel transmission systems at
any frequency range, including the RF band on which CATV systems operate and
the mm-wave bands in which line-of-sight free space systems operate.



Chapter 18
Erbium Fiber Amplifiers in Linear
Lightwave Transmission

18.1 Introduction

The invention and development of fibers doped with rare-earth element as in-
line optical amplifiers [223–226] were a major breakthrough that enabled great
enhancement in the capability of fiber optic telecommunication networks. With
their ubiquitous deployment in digital fiber-optic networks, these fiber amplifiers
have met the test of time for their proven values. However, their employment
in linear lightwave systems, including analog video distribution requires stringent
performance specifications above and beyond those required for digital telecom-
munication systems. While these fiber amplifiers possess a superb carrier-to-noise
ratio (CNR) – for example, Erbium fiber amplifiers (EDFA) can operate close to a
3 dB noise figure which is the quantum limit when pumped at 980 nm [209]. When
coupled with a low noise laser source, EDFA is capable of delivering a CNR of
51 dB [210]. While this is satisfactory for most digital transmission systems, a more
careful study is necessary for their employment in an optimized linear fiber optic
distribution system. Trade-offs must be made between pump power, input signal
power, and signal gain affect both amplifier performance and system cost. They are
dependent on the intended function of the amplifiers (in-line versus preamplifier
versus power-amplifier) and the number of stages for maximum cost-effectiveness.
Preamplifiers placed before detectors generally require high gain to boost the sig-
nal into the detectors. On the other hand, for power-amplifiers located at the front
portion of distribution links, a high output saturation power is paramount.

For distortion considerations, EDFAs have been shown to have low distortion
especially at video or higher frequencies. This arises from the relatively long radia-
tive transition lifetimes (�ms) for excited states responsible for light amplification
near 1.5 mm in Erbium atoms [222]. Current analog video distribution requires a
value of 106 dBc for two-tone third-order intermodulation distortion (IMD3) at fre-
quencies above 50 MHz. Prior measurement has shown an upper limit of �60 dBc
for composite-triple-beat (CTB) and �59 dBc for composite-second-order distor-
tion (CSO) in a system using EDFA [211]. These limits, however, may have been
due to distortion of the optical source or detector. With the stringent requirements

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
in Optical Sciences 159, DOI 10.1007/978-3-642-16458-3 18,
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for analog video distribution, it is important to understand the nature and frequency
dependence of EDFAs distortion in multi-channel subcarrier applications. To this
end, a theoretical model for predicting harmonic and intermodulation distortions in
EDFA is constructed in Sect. 18.2. Computed results are compared with measured
distortion data. CNR optimization for an EDFA in a linear fiber-optic video distribu-
tion systems is discussed in Sect. 18.3. Conclusions and discussions of this chapter
are given in Sect. 18.4.

18.2 Distortion Characteristics

18.2.1 EDFA Distortion Model

The fundamental distortion of EDFA caused by stimulated emission is similar to
that of a laser diode as discussed in Chap. 3. Measurements of signal disortions
including saturation and crosstalk in EDFA can be found in [212, 213]. In this sec-
tion, a theoretical model is developed for predicting harmonic and intermodulation
distortions of signal transmission through EDFA [197], taking into account spatial
variations of various pump and signal quantities along the length of the fiber.

The energy levels of interests of the Er3C ion are depicted in Fig. 18.1. The tran-
sition between 4I13=2 and 4I15=2 levels corresponds to transition at � D 1:53 �m.
N3 is negligible compared to N1 and N2 when r32 � W , r21 and r31. Under this
assumption, which is generally valid for EDFA due to fast nonradiative relaxation
of Er3C from level 3 to level 2, the set of three-level system rate equations can
be simplified to that of a two-level system. The explicit forms of W and R, which
depend on transverse doping profile and power profile, are function of r (radius) and

 (azimuth). For simplicity, uniform radius and azimuth dependences are assumed
and the average transverse value of the Er3C density � D N� is used as the effective
value. The basic rate equations with amplified spontaneous emission (ASE) areas
follow [214]

Fig. 18.1 Energy level
diagram of Erbium

Three Level EDFA Distortion Model

R
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4I15/2 (Ground State)

r31
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Table 18.1 Mathematical symbols and their values for EDFA rate equation

�a Signal absorption cross-section (4:1 � 10�21 cm2)
�s Signal emission cross-section (5:3 � 10�21 cm2)
�p Pump absorption cross-section (1:7 � 10�21 cm2)
as Effective signal core area (.3:37/2� �m2)
ap Effective pump core area (.3:62/2� �m2)
h	s Signal photon energy
h	p Pump photon energy
� Er doping concentration (2� 1018 cm�2)
�	 ASE homogenous linewidth (26 nm)
Pp Pump power
Ps Signal power
Paf Forward amplifier spontaneous emission power
Pab Backward amplifier spontaneous emission power

dN2.z/

dt
D �p

h	sap
Pp.� �N2.z// � N2.z/

�
� Ps�tot

h	sas
Œ�sN2.z/ � �a.� �N2.z//�;

(18.1)�
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Paf D Œ�sN2 � �a.� �N2/�Paf C 2h	�	�sN2; (18.4)
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�
Pab D Œ�sN2 � �a.� �N2/�Pab C 2h	�	�sN2; (18.5)

where Ps�tot D Ps CPaf CPab and the notations are defined in Table 18.1. Assume
the input signal consists of two tones – Ps.z D 0/ D Ps0 C ps1ei!1t C ps2ei!2t .
On subsequent propagation along the fiber, harmonic and intermodulation terms
are generated so that each of the quantities contains second harmonic (2HD) and
intermodulation (IMD) components as

x.t; z/ D x0.z/C x1.z/ei!1t C x2.z/ei!2t C x3.z/ei2!1t

Cx4.z/ei.!1�!2/t C x5.z/ei.2!1�!2/t C x6.z/ei.2!2�!1/t C c:c: C 	 	 	 :
(18.6)

The xk.t; z/ terms in (18.6) denote the rate equation quantities, N2, Pp, Ps, Paf,
and Pab. Using a perturbation approach modified for the longitudinal spatial depen-
dence, a set of linear equations can be obtained as presented in (18.7)–(18.11),
where the general notation ˝ represents fundamental frequency, harmonics, and
the beat frequencies. Detailed derivation of the above is given in Appendix F.
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where ˝ D !1; !2; 2!1; !1 C !2; !1 � !2; 2!1 � !2; 2!2 � !1.
The generating functions, G˝

p , G˝
s , G˝

af and G˝
ab , are listed in Table 18.2.

These are the terms that generate the harmonics and beat frequency. Subscript “0”
represents the steady-state solution of each quantity. For example, Ps0 is the steady-
state value of Ps. Define IMD2 (two-tone second-order intermodulation) and IMD3

(two-tone third-order intermodulation) as

IMD2 D 20 log
P!1C!2

s

P
!1
s

; IMD3 D 20 log
P 2!1�!2

s

P
!1
s

: (18.12)

Numerical solutions of these coupled equations were obtained by the “shooting
method” with Runge-Kutta fourth order algorithm. Figures 18.2 and 18.3 show the
evolution along the fiber length of the steady-state optical signal and pump powers as

Table 18.2 Generating functions
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well as the IMD2 and IMD3. The distortion increases as the small signal is amplified
along the fiber. Generally, the distortion follows the small signal amplitude (P!1

s ).
The experimental results, which will be presented in the following subsection, show
excellent agreement with the simulations in predicting the distortion roll-off.

18.2.2 Experimental Results

The experiment setup is shown in Fig. 18.4. Two external cavity 1.55�m distributed
feedback (DFB) lasers are modulated with a 25% modulation index at frequencies
f1 and f2, respectively. The two optical signals are combined by a 2 � 1 coupler
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Distortion Measurement System Setup
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Fig. 18.4 Experimental setup

followed by an optical isolator with 50 dB isolation. The forward pump light at
1,490 nm with 15 dBm launched power is then combined with the signal by a wave-
length division multiplexer (WDM). The signal is amplified propagating through
the Er3C-doped fiber, and a second WDM is used for separating the signal and
the residual pump power. For backward pumping configuration, the pump laser
diode is placed at the second WDM pump input. The signal output of the sec-
ond WDM passes through a second isolator and an attenuator. The optical signal
is then detected by a DC coupled p–i–n photodiode. After amplified by a tran-
simpedance amplifier and an op-amplifier, carriers and distortion are measured
by an RF spectrum analyzer. The Er3C-doped fiber used in the experiment has a
doping concentration of 2� 1018 cm�3 and NA D 0.2. The peak signal absorption,
emission, and pump absorption cross-section are listed in Table 18.1.

Due to the low distortion level and the higher noise floor of the RF spectrum ana-
lyzer at low frequency, cautions need to be taken to obtain accurate measurements
on distortion of the fiber amplifier. The second-order distortion at frequency f1 Cf2

and f1 � f2 can be generated from three components:

1. Erbium fiber,
2. Photodiode and amplifier, and
3. The RF spectrum analyzer itself.

To exclude the last two sources of distortion in order to ascertain the distortion
originated from EDFA alone, the RF spectrum analyzer-induced distortion was
minimized by properly attenuating the signal level into the RF spectrum analyzer.
The distortion level was then measured with and without the fiber amplifier. The
optical power into the photodiode was adjusted to the same level. This isolated the
distortion generated by the fiber amplifier alone.

For second-order distortions, the distortion with the EDFA is found to be 15 dB
higher than that without. The second-order distortion produced by the EDFA could
be determined accordingly.
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Additional sources of distortion must be accounted for when measuring third-
order distortions at 2f1 � f2. The frequency generators and laser diode can produce
the second harmonic at 2f1. This carrier beating with the f2 carrier at the fiber
amplifier produces the 2f1 �f2 beat signal by a second-order nonlinear process. To
exclude this extraneous beat signal from the measured data, the power at 2f1 � f2

(P2f1�f2
) and 2f1 (P2f1

) were first measured at the spectrum analyzer using the
same experimental setup. Then the frequency f1 is changed to 2f1 and the output
power of the signal generator adjusted so that the power level at 2f1 is equal to
original P 2f1 at the RF spectrum analyzer. With this “simulated” second harmonic
signal, the distortion level at 2f1 � f2 (P2f1�f simu

2
) was measured which represents

the distortion level generated by the harmonics signal beating with f2 at the ampli-
fier by a second-order nonlinear process. P2f1�f simu

2
was then subtracted from the

original measurementP2f1�f2
to obtain the calibrated results for the third order beat

generated by the EDFA. In the following, the parametric dependence of distortion
level (in EDFA) versus different parameters will be discussed.

18.2.2.1 Distortion Versus Gain

Figure 18.5 shows a measurement of the second-order distortion and small-signal
gain as a function of the output signal power. The length of the Erbium fiber is 15 m
and the pump power is 15 dBm. The unsaturated gain is about G D C11 dB and
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Fig. 18.5 EDFA gain and second-order distortion versus output signal power
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drops to 6 dB at the maximum available output signal power. The distortion level of
the EDFA is measured at various input signal power. The graph clearly shows that
distortion is higher at higher signal output power (or smaller signal gain) for a given
length of Erbium fiber and pump power. Therefore, it would be more desirable to
operate the fiber amplifier at a high gain (lower output power) region if the distortion
degradation is the sole consideration.

18.2.2.2 Pump Direction

With the same EDFA setup in Sect. 18.2.2.1, the distortion (of EDFA) was measured
using different pump configurations. The EDFA has an active fiber length of 10 m
and the gain G D 2:5 dB with a pump power of 15.3 dBm. The pumping direction
showed very little effect on the distortion level as depicted in Fig. 18.6. The larger
discrepancy at high frequencies is believed to be due to the measurement uncertainty
since the distortion level is approaching the noise floor at the high frequency range.
Simulation results also show very little difference between two pumping directions
(less than 1.0 dB).

18.2.2.3 Frequency Dependence

Shown in Figs. 18.7 and 18.8 are the frequency dependence of the second order
distortion at f1 C f2 for active fiber lengths of 10 m and 15 m, respectively. Two
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(Experiment)

Frequency f1
(f2  = f1+0.5kHz)

Distortion (at f1+f2)
–35 dBc

–40 dBc

–45 dBc

–50 dBc

–55 dBc

–60 dBc
0.1 kHz 1 kHz 10 kHz 100 kHz

Forward Pump

Backward Pump

L = 10 m
Pump = 15 dBm
Ps_out = 1.3 dBm

Fig. 18.6 Forward and backward pumping



18.2 Distortion Characteristics 185

Second Order Distortion
(Experiment for L = 10m)

Frequency f1
(f2 = f1+0.5kHz)

Distortion (at f1+f2)

–35 dBc

–40 dBc

–50 dBc

–60 dBc

–70 dBc
0.1 kHz 1 kHz 10 kHz 100 kHz

Pump = 15.7 dBm
Ps_out = 2.0 dBm

Pump = 12.7 dBm
Ps_out = –0.1 dBm

Pump = 10.8 dBm
Ps_out = –2.6 dBm
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Fig. 18.8 Second-order distortion for L D 15m

tones, f1 and f2, are separated by 0.5 kHz. For three different pump power levels,
all data show a slope of 20 dB/dec roll-off. These simulation predictions agree very
well with the experimental data as shown in Fig. 18.9. For the 10 m EDFA, the gain
is G D 3:2 dB with a Ppump D 15:7 dBm and a Ps out (total signal output power) D
2:0 dBm. For the 15 m EDFA, the gain is G D 2:9 dB with a Ppump D 15 dBm and
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Fig. 18.10 Third-order distortion; simulation and experimental data

a Ps out D 1:6 dBm. Both the experimental measurements and the simulation result
of the third-order distortion are depicted in Fig. 18.10. The third-order distortion
measurement was made at lower frequency. The frequency is separated by 80 Hz
for f1 and f2. Despite the difference between the absolute values of the experiment
and simulation results, both cases exhibit a 40 dBc/dec roll-off for the third order
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distortion. From the generating function G2!1�!2
s , one notes that any error in the

second-order distortion term carries over to the third-order. A larger discrepancy is
thus expected in the simulation.

By extrapolation from the experimental data of Fig. 18.9, a second-order distor-
tion (f1 C f2) of 117 dBc at 10 MHz is predicted. Similarly, a two-tone third-order
distortion (2f1�f2) of �226 dBc is estimated at frequency 10 MHz from Fig. 18.10.
The distortions are well below the distortion level generated by a regular laser diode.
It has been reported in [210, 215] that there is little distortion degradation intro-
duced by fiber amplifiers at frequencies above 10 MHz. Instead, chirping of the
directly modulated laser transmitter will introduce additional distortion if the EDFA
is operated at non-flat gain regime [220, 221].

18.2.3 Comparisons Between Distortions in Laser Diode
with EDFA

Distortions generated by a directly modulated laser diode (Chap. 3) and EDFA have
both been discussed in this book; it is worth noting the analogous and different
characteristics between these two active devices.

1. A laser diode typically operates below the relaxation oscillation frequency (RO)
while an EDFA typically operates above.

2. Beyond RO, 2HDs roll-off at 20 dB/dec roll-off and IMDs roll-off at 40 dB/dec.
This implies that both devices should operate at a frequency as far away from RO
as possible. For directly modulated laser diodes, the logical approach is to push
the RO frequency as high as possible – the path taken to achieve a high direct
modulation bandwidth as discussed in Chaps. 4 and 5. By the same token, direct
modulation of EDFAs is unsuitable due to its poor frequency response.

3. Laser diodes can suffer from additional distortion mechanisms including leakage
current-induced distortion at the lower modulation frequency ranges, while this
is not an issue with EDFAs.

4. The distortions produced by the nonlinear stimulated emission process (as dis-
cussed in Chap. 3 for laser diodes and Chap. 17 for EDFAs are fundamental to
the operation of these devices and are thus intrinsic. Reduction of this type of
distortion can only be accomplished by a reduction of signal power–reduction
of modulation index in a directly modulated laser diode or reduction of opti-
cal power/modulation index in the signal propagating in the EDFA. Parametric
dependences of signal distortions in EDFA such as dependences on Erbium dop-
ing concentration, emission cross-section, absorption cross-section, input signal
power, and pump power have been simulated. By making a comparison at the
same output power level by properly choosing the length of fiber, a minimum
variation in the distortion can be found.

The strong dependence of distortion on the length of fiber and operating point
was shown in the simulation. A 20 dB/dec roll-off for the second-order distortion
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and a 40 dB/dec roll-off for the third-order distortion are predicted by the model
described in Sect. 18.2.3 and confirmed by experimental results. These results pro-
vide a fundamental limit on the distortion in these amplifiers. The accuracy of the
absolute distortion limits relies on a good measurement of the fiber amplifier intrin-
sic parameters such as absorption and emission coefficients. Fundamentally, it is
found that the fiber amplifier can fulfill the stringent requirements for analog CATV
distribution system.

18.3 CNR Optimization

Since the distortion in the EDFA is very insignificant, CNR becomes the pri-
mary consideration in systems optimization. To optimize CNR, the origins of
different types of noise and their effect on system performance under different
operating conditions must be understood. The noise terms in a lightwave sys-
tem using fiber amplifiers include laser intensity noise (RIN), signal spontaneous
beat (Ns�sp), spontaneous spontaneous beat (Nsp�sp), shot noise (Nsh), and receiver
circuit noise (Nckt).

A photodiode is basically a square-law detector which generates beat notes
between two optical carriers. The ASE can be regarded as a comb of optical carriers
with a random phases. From the derivation in [216], through the square law detec-
tor, beatings between the signal carrier, ASE, and ASE itself produce beat noises.
Ns�sp is the beat noise (measured in A2) at the photo-diode between the signal and
the ASE. The beating between ASE and ASE generates Nsp�sp. The spontaneous
emission power in the optical amplifier is given by [216]

Psp D nsp.G � 1/h	; (18.13)

where the mathematical symbols are defined in Table 18.3. For an ideal three-level
system, nsp is equal to 1. For a two level system, such as the Er3C doped fiber
amplifier pumped at 1,480 nm, nsp is higher depending on the pumping rate and
the wavelength of pump and signal. The lowest value of nsp is typically nsp D 2 as
averaged over the fiber length. After the square-law detector, the small signal and
the noise power (in A2) are

S D 1

2
.mPsRresL/

2; (18.14)

Nshot D 2ePsRresLBe; (18.15)

Ns�sp D 4PsPspR
2
resL

2Be=Bo; (18.16)

Nsp�sp D .PspRresL/
2Be.2Bo � Be/=B

2
o ; (18.17)

Nckt D kTBeFe

2Rz
: (18.18)

From the above equations, one can calculate the CNR relative to the operating point,
fan-out, and the length of active fiber in the following Sects. 18.3.1–18.3.3.
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Table 18.3 Mathematical symbols

m Optical modulation index
e Electronic charge
h	 Photon energy
G Optical amplifier gain
nsp Spontaneous emission factor
Ps Amplified output power
Psp Amplified spontaneous emission power
Ns�sp Signal-spontaneous beat noise
Nsp�sp Spontaneous-spontaneous beat noise
Nshot Shot noise
Nckt Receiver circuit noise
Rres Photo-diode responsivity
Bo Optical bandwidth
Be Electrical bandwidth
L Loss
k Boltzman constant
T Temperature in ıK
Rz Effective load impedance
Fe RF amplifier noise figure

18.3.1 Operation Point

Figure 18.11 shows a measured EDFAs gain curve. The active doped fiber has a
length of 10 m and is pumped by three lasers. One is forward-pumping with a
16 dBm output power launched into fiber at 1,490 nm. The other two lasers, at
1,460 nm and 1,490 nm, are coupled with a WDM and backward pumping with a
combined output power of 17.5 dBm. The output of the EDFA is filtered by an opti-
cal filter with 3.2 nm bandwidth to remove the ASE power. An EDFA can operate at
flat gain region and saturation region depending on the input power,Pin. The depen-
dence of Pin on CNR is demonstrated in Fig. 18.12 which shows the noise spectral
density of an EDFA relative to Pin [209], the quantity Nckt, which is independent
of the Pin, gives the lower bound on the noise floor. Assuming unity quantum effi-
ciency andL D 1 (no loss), from (18.15), (18.16), and (18.13),Ns�sp is greater than
Nshot if nsp.G � 1/ > 0:5 which is generally valid. Ns�sp is greater than Nsp�sp if
Ps > 0:5Psp. For an amplifier with a G D 9:5, nsp D 1:5 and optical bandwidth of
1 nm, Psp is equal to 0.22�W. For analog distribution, in order to achieve CNR of
52 dB, EDFA usually is operated at the high output power (gain saturation) regime
(about two to four order above 1�W). The computed results for all the noise terms
are shown in Table 18.4 together with numerical values of the parameters used.
These results show that the dominant noise at high output power is Ns�sp while the
Nsp�sp dominates at low output power.

Since Ns�sp is the dominant noise term in most situations, it is useful to further
consider the dependence of Ns�sp on various operating points. From (18.13) and
(18.16), Ns�sp is proportional to .G � 1/nsp and Ps. Increasing Pin in the flat gain
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Table 18.4 Signal, noise power and parameter values

G 9.5
nsp 1.5
� 1.55 nm
m 4%
Rz 75Ω
Fe 4.0
T 300ıK
Rres 0.9
L 1.0
Bo 1 nm
Be 4 MHz
Ps 13 dBm
Psp 2:10� 10�7 W
S 2:6� 10�7 A2

Ns�sp 4:4� 10�13 A2

Nsp�sp 1:2� 10�18 A2

Nshot 2:3� 10�14 A2

Nckt 4:4� 10�16 A2

region, while maintaining G and nsp constant increases Ns�sp proportionally to Ps.
On the other hand, in the gain saturation region, further increase in Pin decreases G
while Ps increases to its saturation value. The rate of decrease in G is faster than
the rate of increase in Ps, leading to a reduction in Ns�sp. In the deep saturation
region,Ps is clamped at the saturation value. An increase in Pin will lead to a further
reduction in G. If the pump power is insufficient to sustain the inversion factor, nsp

will increase. The quantity Ns�sp varies according to how .G � 1/ and nsp vary
accordingly. When Ns�sp is dominant, CNR is given by

CNR D S

Ns�sp

D 1

8

m2Ps

nsp.G � 1/h	Be

D 1

8

m2G

nsp.G � 1/h	Be
Pin: (18.19)

From (18.19), CNR always increases with Pin. Figure 18.13 shows the CNR versus
detected power for three different operating points,G D 9:5; 15; 16, respectively. In
these measurements, the detected power at the photo-diode are varied by attenuating
the output power from the EDFA. As shown in Fig. 18.13, from the standpoint of
CNR maximization, the EDFA should operate at the saturation region where G is
small. Though it may seem undesirable to operate at low gain region, for certain
applications such as power amplifiers for CATV systems, higher saturation power is
required instead of higher gain.
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On the other hand, if the fiber amplifier is used as a preamplifier, other system
parameter such as the fan-out should be considered. For a fixed output power from
a transmitter or power amplifier, the number of fan-out depends on the input power
of the preamplifier. If the preamplifier is operated at the high input power regime, a
smaller fan-out would be available. To optimize the system performance, the trade-
off between the fan-out and CNR has to be considered.

18.3.2 Fan-Out and Fiber Loss

Fan-out and fiber intrinsic loss are very important parameters in a distribution sys-
tem. The former determines how many users the system can support and the latter
determines how far the system can reach. Unless fiber dispersion is a concern, these
two types of loss can be represented by a single variable, L. For an analog system
with the proper selection of transmitter component, fiber dispersion usually does
not degrade the CNR although second-order distortion is an issue to be dealt with
[217]. Note that both the laser RIN noise and the beat noises, as given by (18.16)
and (18.17), are proportional toL2. As the signal power, as shown in (18.14), is also
proportional to L2, the CNR is independent of the loss if the beat noise is dominant
[218]. This is a desired feature of an EDFA as it provides the system with a better
reconfigurability. Figure 18.14 shows computed results for different noise terms rel-
ative to transmission loss. At the low-loss regime, the dominant term is the Ns�sp

as expected. While at the high loss regime (or low detected power regime), thermal
noise becomes dominant. Shown in Fig. 18.15 is the calculated CNR, signal, signal-
spontaneous beat and total noise versus total transmission loss. Using this amplifier,
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for transmission loss up to 11 dB, CNR remains quite constant at a detected power
of 0 dBm. The 11 dB dynamic range represents a distribution distance of 55 km
(assuming a fiber loss of 0.2 dB km�1) or about a fan-out of 10.

18.3.3 CNR Versus Length of EDFA

For the pre-amplifier case where the input power to the EDFA is small, it is still
desirable to operate the EDFA at the saturation region because of the lowerNs�sp as
discussed earlier. Due to the small input signal, the EDFA saturation power needs
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to scale down. This implies a lower pump power and a shorter length of active fiber
for the EDFA. Since preamplifiers require both low cost and miniatured size, this
scale-down trenders EDFA-based preamplifiers more viable when a lower-power
pump diode is used instead of an expensive high-power pump diode. From earlier
discussion, Ns�sp has an L2 dependence that is similar to the RIN of laser diodes.
One can combine these two noises as the, Relative Excess Noise (REN), and use
REN to represent the CNR. This REN includes the laser relative intensity noise
(RIN) and the relative beat noise Ns�sp=Œ.PsPresL/

2Be�. One can define REN D
RIN C Ns�sp=Œ.PsPresL/

2Be�. Shown in Fig. 18.16 are the measured REN relative
to input power of three EDFA at various lengths and pump power. The Nsp�sp term
can be neglected since the amplifier is usually operated at the high output power
regime. The CNR can thus be derived from experimental REN measurements by

CNR�1 D .PsRresL/
2 	 REN 	 Be CNshot CNckt

1
2
.mPsPresL/2

D CNR�1
REN C CNR�1

shot C CNR�1
ckt ; (18.20)

where

CNR�1
REN D 2 	 REN 	 Be

m2
;

CNR�1
shot D 2Nshot

mPsRresL2
;

CNR�1
ckt D 2Nckt

mPsRresL2
: (18.21)
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The detected optical power at the photo-diode is maintained at 0 dBm to maintain
the shot noise at a constant level and receiver circuit noise contribution. After sub-
stituting numerical values into above equations, one obtains CNRshot D 57:3 dB and
CNRckt D 61:7 dB, from which

CNRREN.dB/ D 20 log.m/ � 10 log.Be/� REN � 3:0: (18.22)

Form D 4% andBe D 4MHz, CNRREN D �97�REN. To achieve a CNR of 52 dB,
it is required that CNRREN D 54:2 dB or equivalently, REN D �151:2 (dB/Hz).
Shown in Fig. 18.16 are measurements for various lengths of fiber and pump powers.
It is clear from Fig. 18.16 that the same CNR can be achieved for a lower input power
into an EDFA by reducing the length and the pump power of the EDFA. This is a
promising result for employment of EDFA as a preamplifier.

The role of modulation index m is worth noting here. In previous discussions,
a constant modulation index was assumed. An increase in m always results in
an increased CNR. The penalty is an increase in distortion for the same device
operating point. Distortion-reduction schemes described in Chap. 17 can then be
employed in conjunction to the considerations discussed in this chapter to meet
all performance requirements of a high performance linear fiber optic transmission
system.

18.4 Discussions and Conclusions

This chapter addresses the characteristics of an Er3C-doped fiber amplifier including
distortion and CNR. From a theoretical model presented in Sect. 18.2 together with
experimental data, it can be concluded that EDFAs pose negligible effect on dis-
tortion. Theoretical model predicts a 20 dB/dec and a 40 dB/dec roll-off for second
and third order distortions, respectively, which agree very well with experimen-
tal data. Other factors contributing to system’s degradations, such as reflection and
dispersion-induced distortions, need to be considered. Without proper optical iso-
lation, reflection can cause perturbation in the laser source and results in much
higher distortion than expected for a system employing directly modulated laser
transmitters. Dispersion-induced distortion has been addressed in [192, 217].

In summary, CNR is found to be optimum in the saturation region where
G is small and nsp is not affected by the high input power. Other degradation
of CNR include interferometric noise discussed in Sect. 15.2 and stimulated Bril-
louin scattering [227]. For preamplifier applications, the pump power as well as
the length of the doped fiber should be reduced. These are desirable effects which
make preamplifiers using EDFA more practical. The fact that signal-spontaneous
beat noise dominates in an EDFA brings some attractive features for cascading
amplifiers applications. Simulation results showed that CNR remained unchanged
with a transmission loss up to 11 dB. This characteristic is desirable for system
reconfigurability.
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Appendix A
Notes on RF Link Metrics

A.1 Notes on Relation Between Distortion Products, Noise,
Spur (Spurious)-Free Dynamic Range (SFDR)

SFDR is a common parameter used to characterize the fidelity of an analog
(microwave) device or link. It is expressed in the rather strange looking unit of
dB Hz�2=3. It has been encountered before in Fig. 10.4; a more detailed explanation
is given here.

Figure A.1 shows a general plot of the RF output (power, in dBm) versus RF input
power into a “device,” the “device” can be a single or a combination of component
such as RF amplifiers, mixers and attenuators, or a fiber-optic link, where the RF
input is measured at the input to the optical transmitter and the RF output at the
output of the optical receiver. For the sake of simplicity assume that two primary RF
tones at frequencies !1 and !2 are present at the input to the “device.” At the output
of the “device” one nominally observes the two primary RF tones at frequencies !1

and !2. These are designated as “signals” as they are the ones present at the input
of the “device,” and which one wishes to convey to the output of the same “device”
verbatim. The ideal situation is that the recovered RF at the output of the “device”
tracks the input RF. This is represented by the straight line denoted by “signal” in
the plot, the linearity of the “signal” line merely means that the input signals are
not “compressed” even at high input RF power levels; “compression” represents a
very severe form of distortion of the signals; most RF circuit and system functions
require distortions to be avoided at a much lower level. These are represented by the
second and third order harmonic as well as intermodulation distortions, as discussed
in Chap. 3. The power level of second-harmonic distortions increases as a square of
the input power, as it originates from a product of two primary tones; the slope of
the second-order distortion terms is 2. By the same token, the third-order distortion
terms have a slope of 3. Also shown in Fig. A.1 is the noise background level at the
output of the device, originating from either the input to the device or the device
itself. All distortion terms are nominally undesirable, as well as noise. Second-order
distortions such as “CSO” as described in Appendix A.2 originate from the existence
of a term in the transfer function of the “device,” which is the square of the input.
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Fig. A.1 Fundamental, second-order, and third-order intermodulation products showing spurious-
free dynamic range (SFDR)

Likewise, third-order distortions such as “CTB” arise from the terms of the third
power. As a result, at the output of the “device,” the input–output relationships of
“CSO” (second order) and “CTB” (third order) components have slopes of 2 and 3,
respectively.

As the input signal power increases, the S=N ratio increases proportionally (lin-
early on a dB scale), while the CSO and CTB (representing second- and third-order
distortions) increases with slopes of 2 and 3, respectively. The point where the
“CTB” line intersects the “signal” line is commonly known as third-order intercept
(TOI) point. At this point the S=N ratio at the output is 1, if one regards distortion as
a form of noise. At the input signal power level where the third order distortion pene-
trates above the noise background a maximum S=N ratio is achieved (see Fig. A.1).
Further increase in the input signal power does not improve the S=N ratio, if one
regards distortion as a form of noise. A simple geometric examination of Fig. A.1
reveals the total input range where a signal can be detected without detecting CTB
(CSO) distortions – i.e., the difference between input power levels where the output
signal penetrates above the background noise (PS in Fig. A.1), and where the second
(third) order distortions penetrate above the background noise (P2 and P3, respec-
tively in Fig. A.1). The quantity P3 � PS is also known as the “spur(spurious)-free
dynamic range” (SFDR). Second-order SFDR is defined similarly. Simple geometry
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also lead to the conclusion that the quantity SFDR represents the maximum S=N

that can be achieved regardless of the input RF power.
Every “dB” increase in detection bandwidth of the system results in a corre-

sponding “dB” increase in the background noise floor – if one assumes that the
noise spectrum is flat at the frequency range of operation. Every “dB” increase in
detection bandwidth of the system thus results in a corresponding increase in PS

and an increase in P3 of 1=3 dB (since the CTB line has a slope of 3), resulting in
a net change in SFDR D P3 � PS of �2=3 dB. Therefore, the SFDR D P3 � PS

varies as �2=3 power of detection bandwidth of the system. The unit of SFDR is
therefore expressed as dB Hz�2=3.

Using a similar reasoning as above, the second order SFDR is expressed as
dB-Hz�1=2.

A.2 Notes on Intermodulation Distortion in a Multichannel
Subcarrier Transmission System: CTB and CSO

A.2.1 Composite Triple Beat (CTB)

Chapter 3 and Sect. A.1 discussed distortions generated at the output of the intensity-
modulated laser due to two closely spaced RF modulation tones, say f1 and f2, in
the form of “spurious” images at both sides of the two primary tones, namely at
2f1 �f2 and 2f2 �f1. These are third order distortion products due to a third-order
nonlinearity in one of the elements comprising the link, of which the laser con-
tributes substantially. These are called third-order intermodulation (IM) distortion
products.

When more than two, say N , primary modulating tones are present, a myriad of
sum/difference beat notes results from the nonlinearity. For a system encountering
third-order nonlinearities, the general form of the frequencies at which distortion
products are encountered is fA ˙ fB ˙ fC for all possible combinations of A, B,
and C < N .

For cable television systems, composite triple beat (CTB) is defined as “a com-
posite (power summation) of third-order IM distortion products originating from all
possible combinations of three channels, which lands on a given frequency (chan-
nel). It is expressed as a ratio (in dB) of the RF carrier signal to the level of the
composite of third-order distortion components centered at the carrier.”

In a CATV system, the performance specifications are given by the carrier-to-
noise ratio (CNR), the composite-second-order (CSO), the composite-triple-beat
(CTB), and the cross modulation (XM). The last three distortion terms are related
to the device linearity. In the current RF CATV system, RF trunk amplifiers and
external amplifiers are the primary sources of distortions. Shown in Fig. A.2 is the
output spectrum of a nonlinear device output. With two input carriers at f1 and f2,
the second-order distortions generate at frequencies 2f1, 2f2, f1 C f2 and f1 � f2.
The third-order distortions generate at 3f1, 3f2, 2f1 C f2, etc. For a multicarrier
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f1–f2 f1 f22f1–f2 2f2–f1 f1+f22f1 2f2 3f1 3f22f1+f2 2f2+f1

Fig. A.2 Frequency beats from a nonlinear device

system, some of the second-order or third-order distortion may fall at the same fre-
quency that is occupied by a channel. Thus, the picture quality of this channel is
degraded. One can define CTB as the sum of all third-order distortion powers at one
channel relative to the carrier power at that channel. The CTB at fm is then given by

CTBfm
D 10 log

 P
i

P
j

P
k P

fi ˙fj ˙fk

P fm

!
; where fi ˙ fj ˙ fk D fm:

(A.1)

Similarly, CSO at fm can be defined as

CTSOfm
D 10 log

 P
i

P
j P

fi ˙fj

P fm

!
; where fi ˙ fj D fm: (A.2)

Since the final judgment of picture quality is from the human eyes, the specifi-
cations of the CNR, CTB, CSO, and XM are based on the subjective testing results.
Although there is no strict regulation on the specifications, the typical current spec-
ifications in the super trunk are CNR D 52 dB, CSO D �65 dB, CTB D �65 dB,
and XM D �52 dB. At the subscribers end, CNR is designed to be 40–45 dB. Shown
in Table A.1 is the subjective test results conducted by the Television Allocations
Study Organization (TASO) [167]. Most households probably only receive a ser-
vice with CNR of 35 dB. To accommodate the high degradation from the chained
amplifiers in the distribution link, CNR value at the headend is very high. If the
number of amplifiers can be reduced, such as by using low-loss fiber-optic tech-
nology, the stringent requirement at the transmitter site may be relaxed. Due to its
stringent requirements, a lightwave analog video distribution system has become
a challenging area for research. Since lightwave components are quite different
from the RF counterparts, further investigations are needed to optimize the system
performance. Using an approach different from the present RF system design in
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Table A.1 Television Allocation Study Organization (TASO) report of subjective test results

TASO picture rating S=N Ratio (dB)

1. Excellent (no perceptible snow) 45
2. Fine (snow just perceptible) 35
3. Passable (snow definitely perceptible but not objectionable) 29
4. Marginal (snow somewhat objectional) 25

the system architecture may be the key factor to a successful lightwave distribution
system.

A full accounting of these beat notes requires a painstaking combinatorial analy-
sis of any three frequencies among the N channels present. Interested readers may
consult an Application note published by Matrix Test Equipments Inc., a company
which specializes in test equipments for multichannel testing purpose [168].

A.2.2 Composite Second-Order Intermodulation
(CSO) Distortion

While CTBs are a result of beating of three primary notes (two or more of which
can be identical) due to a third-order nonlinearity. Composite second-order (CSO)
distortion is a result of two, say fA, fB (can be identical) carriers experiencing a
second-order nonlinearity. An argument similar to the third-order distortion can be
made here.

Suffice to say that for a 100 channel transmission system the number of second-
and third-order terms falling on any given channel can run into thousands. This
then translates into a two-tone intermodulation requirement of �60 to 70 dB range
in order for CTB and CSO requirements to be met, as laser transmitter products
serving the CATV industry do [169, 170].

Based on the theoretical and experimental results of Chap. 3 it is evident that,
fundamentally, distortions (of any type) are most severe at around the intrinsic
relaxation frequency of the laser, and thus suppressing the resonance can lead to
a reduction in the IM levels. Further considerations must be taken into account
to allow for effects due to device imperfections, such as thermal effects or carrier
leakage from the lasing region – the former is usually not a factor at frequencies
above tens of MHz’s. These device imperfections are mitigated most cost-effectively
by using (calibrated) external nonlinear circuit elements at the input to the laser
transmitter as compensators, as routinely practiced in present day commercial high-
performance CATV laser transmitter products. Intrinsic nonlinear distortions related
to relaxation oscillation resonance are frequency dependent, as explained in Chap. 3,
and thus are more difficult to mitigate by means of predistortion. These fundamental
laser modulation distortions can only be dealt with effectively by pushing the relax-
ation oscillation resonance to as high a frequency as possible, away from the signal
transmission bands. Thus, developments in high-speed lasers like those described in
Part I of this book can lead to concomitant improvements in fundamental linearity
in direct modulation of laser diodes.
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A.3 Graphical Illustrations of RF Signals

This section introduces two common means by which the quality of RF signals are
visualized graphically. Specifically illustrated are quadrature amplitude-modulated
(QAM) signals, one of the most popular RF signal formats, employed in CATV and
satellite transmissions.

The first visualization means is produced by a “vector signal analyzer,” in which
the complex phasor of the instantaneous RF signal (amplitude and phase of the
sinusoid) is displayed and traced on the complex plane. This is illustrated in Fig. A.3
for a 50-symbol 16-QAM signal.

Another visualization means is the “constellation diagram,” where the phasor of
the RF signal at sample times are recorded on the complex plane. Figure A.4 shows

Fig. A.3 Graphical
illustration of a 50-symbol
16-QAM (quadrature
amplitude-modulated) signal.
The 16 QAM states are
shown as red dots on the
complex plane, where the
horizontal and vertical axes
represent the in-phase and
quadrature components of the
subcarrier signal. The green
lines trace the state transition
from one symbol to the next

Fig. A.4 Constellation
diagram for a 16-QAM signal
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a constellation diagram for a 16-QAM signal. In the absence of amplitude or phase
noise, the 16 states of a 16-QAM signal can be represented as 16 dots in the com-
plex plane, as illustrated by red dots in Fig. A.3. In the presence of amplitude and/or
phase noise, the states dissolved into fuzzy balls in the complex plane, determina-
tion of the state of the symbols is thus prone to error. A corresponding graphical
illustration of a two-state on/off keying is the familiar digital “eye diagram.”

These are common visual evaluation aids for a fast nonquantitative evaluation of
the quality of RF signals.



Appendix B
Ultrahigh Frequency Photodiodes and Receivers

B.1 Ultrahigh Speed PIN Photodiodes

With the recent advancement of gigabit fiber communication and the photonic distri-
bution of microwave signals, there is a growing need for high-speed photodetectors.

Two types of photodetectors commonly used for high-speed applications are
p–i–n and Schottky photodiodes (see Fig. B.1). In both devices, photon absorp-
tion in the depletion region of a reverse-biased junction creates electron–hole pairs.
These carriers are swept out of the high-field region to create a current in an external
circuit.

The speed of these photodiodes is limited by the transit time of the photogener-
ated carriers across the depletion region which for a pin diode constitutes the entire
“i” layer and the junction capacitance. Transit time refers to the time required for the
electrons and holes to drift across the high-field depletion region. It is determined
by carrier saturation velocity (�3 � 106 cm s�1) and the depletion region thickness
t , which can vary by design. Depletion region thickness is thus the design parame-
ter controlling transit time and should be made inversely proportional to the desired
bandwidth.

Capacitance slows the device via an RC time constant where the resistance is
that of the device load impedance. The capacitance is proportional to the active
area and inversely proportional to the thickness of the “i” layer. For high-speed
operation, then, both the size of the active area and “i” layer thickness should be
minimized. A small active area, however, places demanding requirements on the
focusing optics for the detector, or the alignment accuracy between the fiber and the
photodetector. A thin “i” layer results in only a small fraction of the incident photons
being absorbed, thus reducing the responsivity of the device. To maximize speed
while maintaining acceptable responsivity, designers generally make the “t” layer
thickness just small enough for the transit time to satisfy the speed requirement.
The active area size is designed such that the RC time constant is comparable to
the transit time. Using this simple approach, engineers have designed high-speed
Schottky detectors that can achieve bandwidths as high as 60 GHz, although the
active area size of these high speed photodiodes are typically less than 10 microns

K. Lau, Ultra-high Frequency Linear Fiber Optic Systems, Springer Series
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Fig. B.1 Generic illustration of photodiodes. The high-field region is the (thin) intrinsic layer
in the p–i–n photodiode (left) and the n-region in the Schottky photodiode (right). These are the
regions where photons are absorbed, generating electron–hole pairs, and rapidly swept to the highly
conducting NC/PC terminal layers (© Bookham, Inc. Reprinted with permission)

in diameter, making it challenging to efficiently couple light into it from single mode
fibers which has a core diameter of the same order. Fiber pigtail packaging of these
devices must be done exceptionally well [171].

The Schottky design is the faster of the two since in the case of a p–i–n diode, an
absorbing top p-layer generates carriers which diffuse at slow speeds prior to being
collected at the contact. Schottky photodiodes also offer lower parasitic resistances.
The n-type Schottky diode, for example, has only an n-layer and no p-layer. In a
top-illuminated n-type diode, the carriers are created near the top metal contact; the
holes, which are the slower carriers, travel just a short distance to the metal.

The detectors have been designed for both backside and frontside illumination.
For backside illumination, light is incident through the transparent indium phos-
phide (InP) substrate and absorbed in the indium gallium arsenide (InGaAs) active
region, permitting detection of wavelengths from 950 to 1,650 nm. The top Schottky
contact serves as a mirror, allowing a double-pass through the absorbing layer to
enhance quantum efficiency.

Front-illuminated devices are fabricated with both InGaAs and gallium arsenide
(GaAs) absorbing layers and have a thin, semitransparent gold (Au) Schottky metal.
The high sheet resistance of the thin gold layer is detrimental to the high-speed
performance, so a current-collecting ring of thick gold is added to the periphery of
the active area to minimize this resistance. The devices are sensitive for wavelengths
ranging from 400 to 1,650 nm.

An intrinsic photodiode designed for high-speed operation is necessary, but
not sufficient, for high-speed optical detection. The bias circuitry and the high-
speed connection to the 50-ohm output transmission line must also be carefully
designed to produce the desired response. This response is dictated by the applica-
tion and is generally either a flat frequency response, with the responsivity varying
only slightly across the operating bandwidth, or a fast, ring-free impulse response.
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Fig. B.2 Detector designed for enhanced responsivity at high frequencies provides a nearly flat
frequency response (top, curve A), but suffers from ringing in the temporal domain (middle). Detec-
tor with a clean, ring-free impulse response in the temporal domain (bottom) experiences roll-off in
the frequency domain, reducing the 3-dB frequency (© Bookham, Inc. Reprinted with permission)

Fourier transform techniques show that the flat frequency response suffers from
controlled ringing in the temporal domain (impulse response, see Fig. B.2). The
ring-free impulse response, on the other hand, corresponds to a characteristic roll-off
in the frequency domain and a corresponding reduction in the 3-dB frequency.

Recently developed time-domain optimized detectors with a fast, minimal-ring-
ing impulse response are especially useful for digital communications applications
in which spurious ringing can degrade an eye diagram and bit error rate (BER).
These detectors have been designed with a resistive matching network that presents
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Fig. B.3 Impulse response of Bookham, Inc. Model 1444 measured with a 50-GHz scope and a
150-fs full-width-at-half-maximum input pulse at 1.06�m shows only slight amounts on ringing
(© Bookham, Inc. Reprinted with permission)

the diodes with a constant 50-ohm impedance to eliminate unwanted reflections
and also terminates the detector so that its impedance is 50 ohms. The internal
50-ohm termination makes the detectors directly compatible with BER testing using
switched digital hierarchy and SONET filters. The detectors are also fabricated with
on-chip bias circuitry, such as integrated bypass capacitors which provide near-ideal
performance well beyond 60 GHz.

The impulse response of a detector with an 18-ps full-width-at-half-maximum
shows only a slight amount of ringing (see Fig. B.3). The measurement has been
made with a 50-GHz sampling oscilloscope and short (less than 200 fs) pulses from
a diode-pumped neodymium-doped glass (Nd:glass) laser operating at 1.06�m.
Connecting the detector module directly to the input of the oscilloscope eliminates
RF cables, and the detector’s fiber-optic input then receives signals from the system
under test.

Detectors with a flat frequency response can be implemented with some slight
inductive peaking to enhance the responsivity at higher frequencies. Such detec-
tors are useful for applications involving the optical transmission of microwave and
millimeter-wave RF signals, such as wireless cellular networks or antenna remoting
in military or commercial communication satellite systems.

High-speed detectors are an important component in high-bandwidth optical
communications. By optimizing the photodiode for high-speed operation and by
designing the microwave circuitry a flat frequency response can be readily achieved.
These high-speed photodiodes are now commercially available from companies
such as Bookham, Inc [171].
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B.2 Resonant Receivers

Except for very long distance fiber links where the optical signal to be detected
is very weak. Most broadband optical receiver for fiber-optic links today are of
“pin-FET” design, a schematic of which is shown in Fig. B.4, where ZL is typ-
ically just a (large) resistor R. The detection bandwidth of this type of receiver
(typically referred to as “frontend” because of its task) is mainly to recover the opti-
cal input and convert it verbatim into an electrical signal to be further processed
by optimal-filtering/digital electronics to follow. The bandwidth of this “front end”
is determined by the RC time constant, where R is the load resistor and C is the
(junction+parasitic) capacitance of the PIN photodiode, in addition to the input
capacitance of the high input impedance amplifier to follow, the total equivalent
C is typically very small, thus contributing to the high detection bandwidth of this
“front end.” Thermal noise is generated by all resistive elements, with noise power
inversely proportional to the real part (resistive portion) of the impedance; the use of
a high load resistor with a high input impedance amplifier such as a high frequency
MESFET minimizes thermal noise contribution.

The appeal of this design is based on the very high speed and low capacitance
of p–i–n diodes, described in Sect. B.1 above, together with the high load resistance
which results in both a high voltage input to the gate of the FET transistor and a low
thermal noise source from the load resistor (�kT=R). This configuration thus pro-
vides a broadband/low-noise performance for converting the input optical intensity
variation into a corresponding output voltage variation.

While very useful for baseband reception, when the signal of interest spans only
a limited band (as in subcarrier signal transmission) one can design an impedance
(preferably one which does not incorporate resistive elements, as such elements are
sources of thermal noise) of which the magnitude jZL.!/j exhibits a resonance peak
at ! D !R as illustrated in Fig. B.4). Such an example can be found in subcarrier

ZL

A

+V

High Input Impedance Amplifier

Output V(t)

pin photodiode

pin photocurrent i(t) ~ p(t)

Optical Input p(t)

ω
|ZL(ω)|

ωR

Fig. B.4 Schematic of a resonant “pin-FET” optical receiver design – FET is represented by the
high input impedance amplifier A
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resonant receiver design [172]. This well-established art in filter design can be car-
ried over, albeit made more challenging in implementation at very high frequencies
to the millimeter-wave band. Nevertheless, it is a subject which has been well stud-
ied within the discipline of millimeter-wave devices and circuits and will not be
further addressed here.



Appendix C
High Frequency Optical Modulators

The performances and limitations of directly modulated laser diodes as optical
transmitters for very high frequency (millimeter-wave) signals has been discussed
quite thoroughly in the foregoing chapters of this book. An alternative to directly
modulating the laser diode is external optical modulator for intensity modula-
tion of the output of a continuously operating (CW) laser source. This is the
preferred solution in some existing field-deployed systems where the issue of opti-
cal loss due to fiber coupling in and out of the modulator has been resolved.
A prominent example being the case of a widely deployed component in telecom
transmitter, the integrated-modulator-laser, “IML,” in which an electroabsorption
modulator “EAM” is integrated with a laser source on the same chip. This device is
advantageous for two reasons:

(a) The integrated device minimizes optical coupling loss from the laser into the
modulator waveguide.

(b) The issue of matching the laser wavelength to the EOM is easily resolved since
both devices are fabricated on the same semiconductor wafer.

It is necessary to match the laser wavelength to the EAM device because EAM
functions through varying the band-edge energy (wavelength) of the semiconductor
medium by an applied voltage, thus significantly varying the amount of absorption
of light passing through it if the wavelength of the light is near the band-edge. EAMs
are produced and deployed in volume, in the form of IMLs for telecom applications,
where the modulation format is invariably digital on–off. EAM has not been used
extensively as an independent optical component even in digital modulation, most
likely due to the difficulties in optical coupling in/out of it, in addition to the need for
matching the wavelength to the laser source. Its analog modulation characteristics
have not been extensively characterized either, but from existing published data the
input/output (intensity absorption versus applied voltage) characteristic is far from
being linear.

The other popular type of external modulator which has been characterized
extensively is of the Mach Zehnder Interferometric type (Mach Zehnder modulator,
MZM) fabricated in a single-chip integrated guided wave fashion on an electrooptic
material such as lithium niobate or III–V compound [173, 174].
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The operation speed of both EAM and MZM is practically limited only by
electrical parasitic effects, since the intrinsic responses of the material proper-
ties responsible for modulating the optical waves passing through it (band edge
energy and optical refractive index variations in response to an applied electric field
for EOM and MZM respectively) can be considered instantaneous for all practi-
cal purposes. Since the principal parasitic element is the capacitance between the
modulator electrodes, there are two possible means to tackle the problem:

1. Narrow-band resonant approach, by placing a parallel inductor to “tune out” the
parasitic capacitance. This results in a resonance peak in the response function
at the desired frequency. This approach is reminiscent of “resonant modulation”
in directly modulated laser diodes, as described in Part III of this book.

2. As an alternative, much work has also been done to neutralize parasitic capaci-
tance limitations by using “traveling wave” electrode structures, which in essence
is a transmission line structure, where the parasitic capacitance (per unit length)
is compensated for by the inductance (per unit length) of the electrode, result-
ing in a (real) characteristic impedance; high frequency signals do not suffer loss
despite the presence of the capacitive shunt.

For high-speed modulation, the primary consideration for this type of “traveling
wave” modulator configuration is matching the velocity of the optical wave and
that of the modulating electrical signal. This applies to both EOM and MZM. The
specific case of MZM is illustrated in Sect. C.1. The case for EAM follows a similar
line of reasoning.

C.1 Mach Zehnder Interferometric Optical Modulator

Figure C.1 shows a schematic of a Mach Zehnder interferometric optical modulator
fabricated as a guided-wave optical component. The optical waveguides are fabri-
cated on an electrooptic material such that an applied voltage across the waveguide
changes the effective refractive index seen by the propagating optical wave.

Assuming that the modulator electrode impedance is matched to the microwave
drive source and that the traveling wave electrode is properly terminated so that no
electrical reflection occurs at the end of the drive electrode, the (traveling wave)
microwave drive signal along the electrode is V.z; t/ D V0 sin 2�f .nmz=c � t/,
where nm is the microwave effective index of the traveling wave electrode and f
is the frequency of the modulation signal. If the group index of the optical wave
is n0, then from the moving reference frame of the photons the voltage “seen” at
position z is V.z; t/ D V0 sin 2�f .znmı=c � t/, where ı D 1 � n0=nm is a velocity
mismatch parameter between the microwave propagation along the drive electrode
and the optical wave in the waveguide, and n0 is the effective index of the opti-
cal waveguide. The phase modulation (in the case of Mach Zehnder interferometric
modulator) or modulation in intensity attenuation (in the case of electroabsorption
modulator) of the propagating optical wave is proportional, to lowest order, to the
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Single mode optical waveguide Single mode optical waveguide
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1x2 optical
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2x1 optical
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Traveling wave Electro-optic
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Fig. C.1 A Mach Zehnder interferometric optical modulator fabricated as a guided-wave optical
component

voltage “seen” locally by the propagating photon. At the exit of the modulated sec-
tion of the waveguide the cumulative phase modulation for a photon entering the
waveguide at t D t0 (in the case of MZ modulator) is thus proportional to

Z L

0

�ˇ.f / dz D
�ˇ sin

�
�fLnmı
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�
�
�fLnmı
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� sin

�
2�f t0 � �fLnmı

c

�
; (C.1)

where �ˇ � V0L would be the maximum modulation in the phase shift at the out-
put of the modulated waveguide section had there been no mismatch in the group
velocities (index) of the optical and electrical waves, i.e., ı D 0. For MZMs the
optical wave from the modulated waveguide section interferes with the (unmodu-
lated) wave from the other branch to produce an intensity modulation at the output
of the device. Similar considerations apply for EAMs, resulting in a similar expres-
sion as (C.1) for traveling wave EAMs, with the optical phase shift �ˇ.f / in (C.1)
replaced by optical attenuation ˛.f /. This optical phase modulation is converted
into an optical intensity modulation after the modulated and original input waves
are optically combined at the exit Y-branch of the MZ interferometer resulting in an
optical intensity modulation proportional to sin.�ˇ/.

C.2 Electroabsorption Optical Modulator

Since the operation of the EAM relies on the shifting of the band edge in the
semiconductor medium, the intrinsic modulation speed is limited only by how
fast the electronic wavefunction of the bands can be modified. Similar to the case
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of electrooptic effect, for most practical purposes these timescales can be con-
sidered instantaneous leaving the capacitance between the drive electrodes as the
realistic limitation on how fast these optical modulators can practically operate. Sec-
tion C.1 illustrated the use of a traveling wave “TW” electrode structure to neutralize
the parasitic capacitance associated with the drive electrode of an MZ modulator.
A similar approach can be used for EAMs as well, as illustrated in Fig. C.2 which
schematically depicts a “TW-EAM.”

Using this approach, the only limitation to modulation speed is again due to the
inevitable “velocity mismatch” between the optical wave in the optical waveguide
and the electrical drive signal propagating along the drive electrode. The frequency
response of a TW-EAM thus has the same form given by (C.1) in Sect. C.1.

Aside from modulation speed, linearity is also a consideration for applications
contemplated in this book. While MZM modulators have a DC modulation trans-
fer function (light-out versus voltage-in) which is sinusoidal in nature, one can
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nevertheless operate the modulator at a bias point where the second-order nonlin-
earity is minimized, i.e., at the inflexion points of the sine function. The modulation
transfer function of an EOM is much less “ideal” in the sense that it cannot be
represented by a simple function, with no clearly definable inflexion points. A mea-
sured transfer function is shown in Fig. C.3. This is one of the reasons that EAMs
are rarely used in linear lightwave transport systems. Implementations of fiber-optic
transport of millimeter-wave signals using Mach Zehnder electrooptic modulators
as transmitters are described in Chaps. 12 and 13.



Appendix D
Modulation Response of Superluminescent
Lasers

D.1 Introduction

The superluminescent diode is one possible alternative to the well-established
injection lasers and LEDs as light sources for fiber-optic communications. A super-
luminescent diode is basically a laser diode without mirrors. The first investigation
of the superluminescent diode was carried out by Kurbatov et al. [176], its static
properties were evaluated in detail by Lee et al. [177] and Amann et al. [178, 179].
Superluminescent diodes have also been integrated monolithically with detectors for
optical memory readout, their fabrication being (possibly) simpler than that involved
in laser-detector integration since a mirror facet is not required within the integrated
device [180]. (However, given the high optical gain inside the device, it is not triv-
ial how to eliminate even the minute amount of optical feedback to prevent lasing
from occurring.) It has also been observed that [181, 182] the optical modulation
bandwidth increases substantially as light-emitting diodes enter the superlumines-
cent regime. This regime is characterized by a rapid increase in the optical power
output and a narrowing of the emission spectrum. This increase in modulation speed
was attributed to the shortening of the carrier lifetime due to stimulated emission.

Due to the substantial nonuniformity in the longitudinal distribution of the photon
and carrier densities in the active region, the modulation response of superlumi-
nescent lasers cannot be described by the usual spatially uniform rate equations,
which was so successful in describing laser dynamics. This is evident from the dis-
cussions in Chap. 1. Rather, the “local” rate equations of Chap. 1 should be used
in their original form, necessitating numerical solutions of the coupled nonlinear
space-time traveling wave rate equations. Results on numerical calculations of the
small signal modulation frequency response will be described in this chapter. This
exercise also presents an opportunity for determining the exact degree of validity of
the spatial-average approximation used in the ubiquitous rate equations for studying
modulation dynamics of semiconductor lasers. The results show that in most cases,
the superluminescent diode modulation responses are of single-pole type, in con-
trast to the conjugate pole-pair response of a laser (Chap. 2). The cutoff frequency
increases with pump current, similar to previous observations for a laser, albeit in
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a rather nonlinear fashion. Under some conditions, the frequency response can be
much higher than a laser diode of similar construction, under similar pump current
densities. These conditions require that the reflectivity of the mirrors be less than
10�4, and the spontaneous emission factor be less than 10�3. The second of these
conditions may be achieved with special device designs, but the first condition is
challenging, as any minute imperfection in the waveguide construction and/or end
facet elimination or even feedback from the optical fiber into which the superlu-
minescent laser couples can result in a retroreflection higher than that required to
suppress lasing.

D.2 The Small Signal Superluminescent Equations
and Numerical Results

The superluminescent diode is assumed to be constructed as a double heterostruc-
ture laser with guiding in both transverse directions, but with no end facet mirrors.
The local rate equations for the photon and electron densities were first introduced
in (1.1). In the pure superluminescent case (no mirror), the steady state is given by
the solutions (1.3)–(1.7) withR D 0. Figure D.1 shows a plot of the steady-state rel-
ative output optical power,XC

0 .L=2/ D X�
0 .�L=2/, as a function of pumping level

indicated by the unsaturated gain g, for various values of the spontaneous emission
factor ˇ. The linear part of the curves at the higher values of the pump level is the
saturated regime, where most of the optical power is extracted from the inverted
population by stimulated emission. Figure D.1b shows the static gain and photon
distributions inside a superluminescent laser, illustrating the effect of spontaneous
emission on the distributions.

To investigate the modulation frequency response of the superluminescent diode
the usual perturbation expansion is employed

X˙.z; t/ D X0̇ .z/C x˙.z/ei!t ; (D.1a)

N.z; t/ D N0.z/C n.z/ei!t ; (D.1b)

where x˙ and n are “small” variations about the steady states. This assumes that
the electron and photon densities throughout the length of the diode vary in uni-
son. This is true when propagation effects are not important, i.e., when modulation
frequencies are small compared with the inverse of the photon transit time. This
would amount to over 15 GHz even for very long diodes (0.25 cm) considered in
later sections.

Adopting the usual technique of substituting (D.1) into the superluminescent
equations (D.1), and neglecting the nonlinear product terms, the following small
signal equations are obtained:
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Fig. D.1 (a) Static photon output of and (b) gain and photon distributions in a superluminescent
diode. The unsaturated gain in (b) is 500 cm�1

dxC

dz
D AxC C Bx� C C; (D.2a)

dx�

dz
D DxC CEx� C F; (D.2b)

where A, B , C , D, E , and F are given by the following:

A D g0 � i!

c�s

� .XC
0 C ˇ/g0

1C i! C .XC
0 CX�

0 /
; (D.3a)



222 D Modulation Response of Superluminescent Lasers

B D �.XC
0 C ˇ/g0

1C i! C .XC
0 CX�

0 /
; (D.3b)

C D gm.X
C
0 ˇ/

1C i! C .XC
0 CX�

0 /
; (D.3c)

D D .X�
0 C ˇ/g0

1C i! C .XC
0 CX�

0 /
; (D.3d)

E D �
 
g0 � i!

c�s
� .X�

0 C ˇ/g0

1C i! C .XC
0 CX�

0 /

!
; (D.3e)

F D �gm.X
�
0 C ˇ/

1C i! C .XC
0 CX�

0 /
; (D.3f)

where g0.z/ D ˛N0.z/ D small signal gain distribution, gm D j̨�s=.ed/ D small
signal gain due to RF drive current, and ! has been normalized by the inverse of
spontaneous lifetime.

The boundary conditions for solving (D.2) are the same as that in solving the
steady state case (1.2):

xC.0/ D x�.0/; (D.4a)

x�.L=s/ D 0 D xC.�L=2/: (D.4b)

Equation (D.2) is solved by assuming an arbitrary value for xC.0/ D x�.0/ D �,
and integrating (D.2) to give xC.L=2/ D P , x�.L=2/ D Q, these quantities are
complex in general. System (D.2) is integrated again assuming xC.0/ D x�.0/ D
� ¤ �, to give xC.L=2/ D T , x�.L=2/ D S . The solution is given by a suitable
linear combination of the above two solutions such that x�.L=2/ D 0. The small
signal output of the superluminescent diode is

xC
�
L

2

�
D x�

�
�L
2

�
D QT � SP

Q � S : (D.5)

The frequency response curve is obtained by solving (D.2) for each !. One set of
results is shown in Fig. D.2, which shows the frequency response of a 500�m diode
pumped to various levels of unsaturated gain. The spontaneous emission factor ˇ
is taken to be 10�4 and the spontaneous lifetime 3 ns. The dashed curves are the
phase responses. One noticeable feature is that the response is flat up to the fall-off
frequency, and the fall-off is at approximately 10 dB/decade. The cut-off frequency
(defined to be the abscissa of the intersection point between the high frequency
asymptote and the 0 dB level of the amplitude response) easily exceeds 10 GHz at
pump levels corresponding to unsaturated gain values of 1,000 cm�1. This kind of
gain may be unrealistic in real devices, but it will be shown further on that equally
high frequency responses can be attained with longer devices at much lower pump
levels.
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Fig. D.2 Amplitude and phase responses of a 500�m superluminescent diode at various pumping
levels. ˇ D 10�4

In conventional (i.e., two-mirror) lasers, the spontaneous emission factor is found
to play an important part in damping the resonance in the modulation response,
while its effect on the corner frequency is not significant. In the case of superlumi-
nescent diodes, the spontaneous emission has a strong effect on both the damping as
well as the magnitude of the resonance. This is shown in Fig. D.3 which shows the
frequency response of a 500�m diode pumped to an unsaturated gain of 500 cm�1,
at different values of ˇ. The modulation bandwidth increases extremely fast as ˇ is
decreased, and at values below 5 � 10�6 a resonance peak appears and the fall-off
approaches 20 dB/decade. Figure D.4a shows plots of the corner frequency ver-
sus pumping, with different spontaneous emission factors ˇ. The corner frequency
increases rapidly as ˇ falls below 10�3. For comparison, the frequency response of
a conventional laser with the same length of 500�m, with an end mirror reflectivity
of 0.3, is also shown in the figure. This curve is calculated using the well-known for-
mula (1) from [15]. It is apparent from Fig. D.4a that superluminescent diodes are
not competitive with lasers of similar construction except at extremely high pump
levels and for very small spontaneous emission factors. The spontaneous emission
factor, depending on the waveguiding geometry, varies from about 10�5 in simple
stripe geometry to 10�4 in lasers with real lateral guiding [183]. Since the superlu-
minescent spectrum is at least an order of magnitude wider than the laser spectrum,
the actual spontaneous emission factor should lie around 10�3–10�4. To obtain val-
ues of ˇ as low as 10�6 would be difficult. However, one interesting feature of the
frequency response of superluminescent diodes is that the corner frequency is invari-
ant to gL, the unsaturated gain of the device. This is true for diode lengths as long
as 0.3 cm; thus, the frequency response of a 0.2 cm diode pumped to an unsaturated
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gain of 200 cm�1 is identical to that of a 500�m diode pumped to 800 cm�1 –
an unrealistic value. Conventional lasers do not have this property since longer
diodes have a longer photon lifetime, and would have a lower corner frequency when
pumped at the same level of g=gth. In other words, very high frequency responses
can be attained at very modest pump current densities by using very long diodes, as
illustrated in Fig. D.4b, which is a similar plot to Fig. D.4a but for a 0.25 cm diode.

D.3 Effect of a Small but Finite Mirror Reflectivity

In practice, the reflection from mirror facets cannot be reduced to absolute zero.
By using Lee’s structure [177] or by placing the waveguide at an angle to the
facets, the only feedback into the waveguide mode is due to scattering, which can
be made very small. However, even with a reflectivity as small as 10�6, the con-
ventional threshold gain (neglecting internal absorption loss) of a 500�m laser is
.1=L/ ln.1=R/ � 276 cm�1; for longer diodes, the threshold decreases inversely
to L. Thus at pumping levels of interest (gL > 20) the diode can well be above
the conventional lasing threshold. The question arises as to whether the frequency
response of such a device behaves like that of a conventional laser diode, with a
square root dependence as in (1) from [15], or like that of a superluminescent diode.
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There is actually no reason to believe that a laser with mirror reflectivities as low
as 10�6 should behave as predicted by the spatially uniform rate equations. The
optical spectrum, though wider than common laser diodes because of the extremely
low finesse cavity, would be considerably narrower than the free superluminescent
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spectrum. The following calculations are carried out to illustrate the effects of a
small but finite mirror reflectivity on the frequency response of the superlumines-
cent diode. It also serves to illustrate the actual range of validity of the conventional
rate equations.

In the case of a finite reflectivity the pertinent boundary conditions are

x�.L=2/ D RxC.L=2/; (D.6a)

xC.�L=2/ D Rx�.�L=2/; (D.6b)

whereR is the mirror reflectivity. The above boundary conditions modify (D.5) into

xC.L=2/ D x�.�L=2/ D QT � SP

.Q � P/CR.T � P/ (D.7)

A set of results is shown in Figs. D.5a, b, where the frequency response is shown
for a long (0.25 cm) diode with ˇ D 10�3 and 10�4, and assuming a mirror reflec-
tivity of 10�6. Features of both the laser diode and the superluminescent diode can
be observed in the frequency response. The corner frequency is sensitive to the
spontaneous emission factor, increases much faster than a square root dependence
on pumping, but at a sufficiently high pump level a resonance peak occurs simi-
lar to a conventional laser. Figure D.6 shows plots of the corner frequency versus
pump level, for spontaneous emission factors of 10�3 and 10�4. Also shown is the
response of a laser of similar length (0.25 cm) with a reflectivity of 0.3. As the mirror
reflectivity increases from 10�6, the superluminescent response curve merges con-
tinuously onto the laser curve and becomes essentially the laser curve at reflectivities
around 10�3.

Using a plausibility argument one can formulate a rough criterion as to how
small the end mirror reflectivity should be for the frequency response to be super-
luminescent-like. In the pure superluminescent case, the photons are generated at
one end through spontaneous emission and are amplified as they traverse the active
medium. Thus, if the product of the reflectivity and the outward traveling photon
density at a mirror facet is larger than ˇ, then the device resembles more closely a
conventional laser than an amplified spontaneous emission device. With ˇ D 10�4

and a typical normalized photon density of 10 near the output end, the mirror reflec-
tivity must be smaller than 10�5 for the response to be superluminescent-like. This
plausibility argument is supported by results of numerical calculations.

Finally, for longer devices one cannot neglect internal optical loss, which
amounts to about 10–20 cm�1 [29] in common GaAs laser materials. The opti-
cal output power will not increase linearly as shown in Fig. D.1a, but will saturate
at a value Xg, given by

g

1CXg

D f; (D.8)
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where f is the internal loss in cm�1, g is the unsaturated gain. For devices as
long as 0.25 cm, the Internal loss is considerably lower than the saturated gain any-
where inside the active medium except for a small region near the ends, where the
photon density is the highest. The effect on the frequency response proves to be
insignificant.



Appendix E
Broadband Microwave Fiber-Optic Links
with RF Phase Control for Phased-Array
Antennas

Use of optical fiber for the efficient transport of microwave signals in broadband
phased-array antenna systems has been the subject of intense interest for the last
several years [184–186]. Although the advantages of a phased-array system based
on true-time-delay are well known, a means of providing continuous RF phase
adjustment to complement the discrete, fixed fiber-delay lines is needed for the prac-
tical implementation of precise antenna beam steering. This is currently done with
electronic phase shifters at the antenna site [186]. In this Appendix, it is shown
that by injection locking the self-pulsating frequency of a commercially available
self-pulsing semiconductor laser diode (SP-LD) – an inexpensive CD laser diode
emitting at �850 nm – an optical transmitter can be built in which the RF phase
of the modulated optical output can be continuously adjusted by varying the bias
current into the laser. Phase shifting over a range of 180ı with a switching time of
<5 ns can be achieved. The SP-LD phase shifter can operate over a bandwidth of
>7GHz by injection locking higher harmonics of the self-pulsation. The principle
of operation is based on the characteristics of a conventional electronic injection-
locked oscillator. It is well known that by detuning the free-running frequency of
an injection-locked oscillator from the injected signal frequency, the phase of the
locked output signal can be varied between ˙90ı within the locking bandwidth
[187]. In this case, SP-LD acts as a frequency tunable, free-running oscillator whose
output is in optical form and whose frequency can be tuned over an exceptionally
wide range of 1–7 GHz. Phase shifting of RF phase in the modulated optical output
is conveniently done by varying the free-running self-pulsing frequency. The char-
acteristics of the laser used is described in [188, 189]. To illustrate locking of the
self-pulsation by an external RF source, Fig. E.1a shows the measured RF spectrum
of the free-running and locked signal at the edge of the locking band for an injected
signal frequency finj D 1:3GHz and an injected power Pinj D 0 dBm. A “strong”
lock is clearly evident. Figure E.1b shows the measured phase shift of the input RF
carrier in the time domain, where the bias current of the SP-LD is varied by �1mA
to produce a phase shift of 60ı. The setup illustrated in Fig. E.2 was used to mea-
sure the phase as a function of the bias current for various injected signal powers.
A portion of the driving RF carrier is fed into the mixer LO port and serves as the ref-
erence signal. The intensity coming from the injection-locked SP-LD is collimated
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and focused onto a standard high-speed photodetector. A portion of the detected
signal is displayed on an RF spectrum analyzer to monitor the carrier-to-noise ratio
(CNR). Note that it is not necessary to place a microwave amplifier after the pho-
todetector to achieve an overall net electrical gain for the link. It will be shown below
that it is possible for the SP-LD phase shifter/optical link to provide an inherent link
gain of up to C10 dB. When the bias current into the SP-LD is varied the resulting
RF output phase shift can be observed by measuring the DC voltage at the output of
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Fig. E.3 Measured phase shift as a function of bias current (a) Pinj D �7 dBm, BL � 80MHz.
(b) Pinj D 0 dBm, BL � 170MHz. (c) Pinj D 10 dBm and BL > 200MHz (outside the filter
bandwidth). (d) Injection locking to third harmonic of fsp D 2:43GHz; BL � 120MHz

the mixer. The results are displayed in Fig. E.3 for various injected signal powers.
As expected, the CNR (measured at 1 MHz offset) is increased by increasing the
injected signal power.A linear regression fit is performed for all plots. In Fig. E.3b
the injected signal power is 0 dBm. The phase shift covers a range of 180ı (from
�70ı to 110ı), and control of the bias current to within �10�A allows a phase
resolution of <1ı (i.e., ŒK� D 0:07ı=�A� Œ10 �A� D 0:7ı). The maximum phase
deviation from the linear regression fit is 10ı. A maximum CNR of 102 dB (1 Hz)
is obtained at an injected power of 4 dBm or more. This is displayed in Fig. E.3c,
where the injected microwave signal power is set to 10 dB. Note that for this plot
the phase resolution is 0:5ı (for a 10�A change in the bias current). The deviation
from linearity is<5ı. The slope (K�) for each graph is related to locking bandwidth
BL, and the locking bandwidth is a function of the injected signal power Pinj:

1

K�

/ BL / p
Pinj: (E.1)

As mentioned above, the injected power also determines the CNR. Detuning the
self-pulsing frequency from the injected signal frequency produces the desired
phase shift, but also decreases the CNR. The locking bandwidth is defined as the
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detuning in which the CNR is maintained to within 3 dB of the maximum (which
occurs at finj D fsp) at a given injected RF power. The locking bandwidth for each
plot is given in the caption for Fig. E.3. Figure E.3d shows locking of the third har-
monic whose fundamental fsp D 2:43GHz. This increases the operational range of
the phase shifter/optical link to >7GHz. Although the injected power noted in this
plot is 5 dBm, the actual injected microwave power into the laser is considerably
less, as these commercial compact disk lasers are not packaged for high frequency
operation. Commercial SP-LD’s pulsate at a fundamental frequency up to 5 GHz
[188,189], and can be extended to beyond 7 GHz by appropriate design [190]. Thus,
it is possible that by injection locking to the fourth or fifth harmonic, operation can
reach into the millimeter-wave region.

The step response of the phase shifter was also measured. A 500-kHz square
wave with a rise and fall time of 3 ns and a peak-to-peak amplitude of 200 mV
was superimposed on top of the RF signal, which drives the SP-LD. The square
wave acts as the phase-control signal to the SP-LD phase shifter, and its ampli-
tude determines the resulting phase of the RF signal at the output of the link. For
a peak-to-peak amplitude of 200 mV, the phase change is �
 D K�.Vpp=R/ D
.0:07ı=�A/.200mV=50Ω/ D 140ı. The injection-locked phase-modulated carrier
is detected at the output of the mixer on a sampling oscilloscope. Figure E.4 shows
the measured pulse response. The rise time is<5 ns for a phase transition of �140ı.
The fall time was also measured to be 5 ns.

A feature of the injection-locked SP-LD phase shifter/optical link is that the net
electrical gain of the link can exceed unity, without the use of a microwave pream-
plifier. For ideal (lossless) impedance matching of the laser transmitter and receiver,
the link gain GL is given by [191]

GL.Pinj/ D Pout

Pinj
D Œ�LKopt�D�
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Fig. E.4 Step response of injection-locked SP-LD phase shifter
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Table E.1 Comparison of a typical electronic phase shifter to the SP-LD phase shifter

Parameter SP-LD Phase shifter Electronic phase shifter

Phase range 180ı 360ı

Gain (loss) 	10 dB 	�1 dB
Isolation >80 dB <40 dB
Bandwidth >7GHz <5GHz
Resolution �1ı �5ı–10ı

Switching time 5 ns >10 ns

where �L, �D are the laser and detector responsivity; and Kopt includes all of the
optical coupling losses between the laser and the detector. Ginj is the gain due to
the injection-locking process (as compared to a conventional directly modulated
optical link) and is a function of the injected signal power. For typical values of
�L D 0:35W A�1, �D D 0:6A W�1, Kopt D 0:90W W�1, a photodiode impedance
Rp D 1 kΩ, a laser diode forward resistance Rd D 5Ω, and a measured Ginj.Pinj D
0 dB/ D 5, an overall net link gain of 10 dB is obtained. This is a desirable feature
since conventional, passive electronic phase shifters will introduce a net RF loss of
anywhere from 1 to 15 dB. The RF isolation is also>80 dB for the optical link [191].
On the other hand, a disadvantage of the present approach is the relatively high level
of (phase) noise compared to directly modulated optical links that use conventional,
passive electronic phase shifters. This arises from the inherent noise associated with
an active oscillator, even under injection-locked conditions. Whether this results in
a performance compromise at the system level depends on the system architecture.
Apart from this issue, the phase-shifting performance of the SP-LD phase shifter
with that of a conventional electronic phase shifter is compared in Table E.1.

It is shown that an injection-locked self-pulsating laser can be used as a continu-
ously adjustable phase shifter/optical transmitter for optical control of phased-array
antenna, operating in conjunction with fiber delay lines. They compare favorably
with conventional optical links incorporating conventional electronic phase shifters
in aspects of operational frequency range, switching speed, RF link gain, and isola-
tion. It is important to note that these SP-LD lasers are low cost and commercially
available. A higher link noise due to the use of an active oscillator should be
considered along with the above advantage in overall system design.



Appendix F
Small Signal Traveling Wave Rate Equations
for Erbium-Doped Fiber Amplifiers

The “traveling wave” small signal equations in Sect. 18.2 will be derived in this
Appendix using an approach similar to Sect. D.2. The basic rate equation involving
N2 (18.1) is

dN2.z/

dt
D �p

h	pap
Pp.� �N2.z// � N2.z/

�
� Ps-tot

h	sas
Œ�sN2.z/ � �a.� �N2.z//�;

(F.1)

N2.t; z/ D N20.z/C n21.z/ei!1t C n22.z/ei!2t C n23.z/ei2!1t

C n24.z/ei.!1�!2/t C n25.z/ei.2!1�!2/t C c.c C 	 	 	 ; (F.2)

where in (F.1), Ps-tot D Ps C Paf C Pab and in (F.2), N2 is expressed as a spatially
dependent small signal quantity similar to Sect. D.2.

The variables Pp, Ps, Paf and Pab can all be expressed in a form similar to (F.2).
After substituting N2.t; z/ in (F.2) in (F.1), a set of equations is obtained for each
frequency component by using harmonic balance, i.e., grouping terms with the same
frequency. The product terms, PpN2 and Ps-totN2, are the sources of generating
new frequency beats. For example, a frequency component of N2 at !1 C !2 can
be generated from product terms at fundamental frequencies, n!1P

!2
p and n!2P

!1
p .

Note that n˝ corresponds to the coefficient of the frequency component ei˝t in
(F.2). Thus n!1 is equal to n21, and n2!1 is equal to n23, etc., thus PpN2 can be
expressed as

Pp0N20 CN20P
!1
p ei!1t C Pp0n

!1 ei!1t CN20P
!2
p ei!2t

C Pp0n
!2 ei!2t CG2!1

p ei2!1t CG2!2
p ei2!2t CG!1C!2

p ei.!1C!2/t

CG!1�!2
p ei.!1�!2/t CG2!1�!2

p ei.2!1�!2/t C 	 	 	 : (F.3)

Similarly, PsN2, PafN2, and PabN2 can be expressed in terms of Gs , Gaf, and Gab,
respectively. By using these expressions and harmonic balance, a set of linear equa-
tions can be obtained from (F.1) and (F.2). For example, the linear equation for
n2!1 is
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i2!1n
2!1 D �p

h	pap
.P 2!1

p � � P 2!1
p N20 � Pp0n

2!1 �G2!1
p / � n2!1

�

� 1

h	sas
Œ.�s C �a/.Ps0 C Paf0 C Pab0/n

2!1

C .�s C �a/.Gs CGaf CGab/

C ..�s C �a/N20 � �a�/.P
2!1
s C P

2!1

af C P
2!1

ab /� (F.4)
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Other linear equations involving Ps, Pp, Paf and Pab can be derived similarly.



Appendix G
Applications of High Frequency Linear
Fiber-Optic Links in Defense Systems

G.1 Electronic Counter Measure: Aerial Towed
Fiber-Optic Decoy

Military aircrafts venturing into harm ways are subjected to missile and antiaircraft
artillery attacks guided by RF interrogations from radars on the ground, on intercept-
ing combat aircrafts and on the seeker head of homing missiles. To protect aircrafts
against these threats, electronic countermeasures are deployed – in essence detect-
ing and processing of the interrogating radar signals to generate a false return signal
that overwhelms the actual return signal from the radar cross section of the air-
craft itself. It is preferable that the false return signal be radiated from a high power
amplified source located at a substantial physical distance away from the aircraft, to
avoid the chance of an accidental acquisition and lock of the radar return from the
aircraft. One such system in production is the AN/ALE-55 offered by BAE Systems
[228], an aerospace defense company headquartered in the UK. Figure G.1 shows
a schematic diagram of this system. Detected interrogating or homing radar signals
are processed by countermeasure electronics on board the aircraft where false radar
return RF signals are generated, which are then transmitted via a linear fiber-optic
link to a decoy towed at a substantial distance behind the aircraft. The received
RF-modulated optical signal inside the decoy is then amplified by a high-power RF
amplifier and broadcasted. The high radiated RF power from the decoy makes it the
preferred target for homing threats.

A photo of the BAE Systems AN/ALE-55 fiber optic towed decoy (FOTF) is
shown in Fig. G.2. According to a report filed by Global Security.org [229], the
AN/ALE-55 has successfully completed flight tests on the U.S. Navy’s F/A-18
Super Hornet fighter and the U.S. Air Force B-1B supersonic strategic bomber for
endurance and in-flight stability under extreme stressful flight conditions. During
these tests, the AN/ALE-55 was subjected to combat representative flight maneuvers
where the fiber-optic towline endured multiple exposures to the fighter’s afterburner
plume and yet was able to maintain optical and electrical continuity throughout.
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Fig. G.1 A BAE Systems AN/ALE-55 fiber-optic towed decoy deployed from a B1-B strategic
bomber

G.2 Nuclear Test Diagnostic Instrumentation

The nuclear testing program at the Nevada Test Site has benefited significantly
through deployment of high-speed linear fiber-optic links in the 1980s for real-time
single-shot data acquisition at nuclear weapon test events where critical data from
radiation/blast sensors are in the subnanosecond timescale. To record these signals
conventional laboratory high-speed data capture techniques such as fast sampling
of repetitive signals cannot be used due to the “single-shot” nature of a nuclear test
event. Further complicating the task of acquiring the high-speed single-shot data
was the necessity of locating the recording instrumentations many kilometers away
from the device under test to avoid blast effects. As illustrated in Fig. G.3, accu-
rate remote recording of these fast single-shot data was accomplished by directly
modulating high-speed broadband linear laser transmitters with analog signals from
radiation/blast sensors. The modulated optical signals were sent via optical fiber(s)
to remote instrumentations capable of recording fast (subnanosecond) single-shot,
transient optical signals – typically a streak camera, which can be configured to
record many channels of optical signals in parallel. Note that high-speed, short-
wavelength linear laser transmitters at �800 nm were used instead of transmitters at
�1:3 or 1.5�m ubiquitously deployed in telecom systems. The reason was that
simultaneous recording of multiple channels of these sub-nanosecond real time,
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Fig. G.2 A photo of the
BAE Systems AN/ALE-55
fiber-optic towed decoy
(FOTD) (© BAE Systems.
Reprinted with permission.)
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Fig. G.3 Employment of high-speed linear baseband optical fiber links to capture fast (sub-
nanosecond) real time, single-shot data at nuclear test events during the 1980s at the Nevada Test
Site (Publication permission granted by U.S. Department of Energy.)
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Fig. G.4 Aerial view of
“Sedan Crater” Nevada Test
Site (Reproduced with
permission [230].)

single-shot signals was carried out using a streak cameras, the sensitivity of which
decreases rapidly with increasing wavelength beyond 1�m.

The radiation/blast sensors and laser transmitters located in the vicinity of the
nuclear device were destroyed almost instantly by the blast effect of the detonation.
However, the information-carrying optical signals launched into the optical fiber can
be transferred out unscathed because the velocity of light propagation in optical fiber
“outruns” the physically destructive shock blast which propagates at approximately
the speed of sound.

Furthermore, while intense radiation produced by the nuclear blast (electromag-
netic pulse, EMP) has only minimal effect on the propagation properties of the glass
fiber, there will be severe interference in any high-speed electrical signal propa-
gating in coaxial cables, which in addition to its high propagation loss render it
unusable for this application.

The destructive power of a nuclear detonation is illustrated in Fig. G.4, which
shows an aerial photo of “Sedan Crater” formed when a 104 kiloton device buried
under the desert was detonated at the Nevada Test Site on July 6, 1962, displacing
12 million tons of earth. The crater is 320 ft deep and 1,280 ft in diameter. The need
for remote data acquisition by high-speed fiber-optic links as illustrated in Fig. G.3
is evident from this photo.
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