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Foreword

It would seem that a comprehensive book on such an interesting and practi-
cally important topic as linear fiber-optic systems that includes an in-depth
theoretical and practical treatment of their key enabling devices is long over-
due. Linear or analog fiber-optic systems are important segments of optical
transmission systems that makeup the global optical network. In addition, lin-
ear optical systems are important in military applications for sensing and for
distributed antennas. A deep understanding and practical appreciation of the
enabling technologies – 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 in 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 transmis-
sion systems, including those that make up the long haul transoceanic and
transcontinental, as well as metro and recent fiber-to-the-home networks, em-
ploy digital modulation of intensity “zeros” and “ones”. Systems that use fiber
as trunks to extend video signals deep into cable TV networks are analog sys-
tems. 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, in many digital systems – proba-
bly 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, storage area networks and fiber-to-the-home systems, to
name a few. For these two large areas of applications, the high-speed modu-
lation characteristics of semiconductor lasers are of fundamental importance.
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Professor Kam Lau’s book is focused on a 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 infor-
mation is also applicable to directly modulated digital optical transmission
systems. The book draws substantially on the author’s collaborative work
with colleagues at Caltech and Ortel Corp. in the 1980s and on results gener-
ated in his research group in the 1990s as Professor of Electrical Engineering
and Computer Sciences at University of California, Berkeley, which includes
several seminal discoveries during these investigations. The author’s prior in-
dustrial 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 a 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, start-
ing from first principles. Included are derivations for the frequency response
as well as distortion effects 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 impair-
ment issues, including the impact of laser performance, are reviewed. Sum-
maries of several experimental systems results, including those employing high
frequency external modulators, provide a practical perspective. A particular
example of employing analog links to provide indoor wireless signal distri-
bution offers an interesting application that is of growing importance. The
appendices nicely complement the main body of the book by including, e.g.,
background information on linear systems and alternate linear encoding ap-
proaches 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, N.J., July 2008 Rod C. Alferness
Chief Scientist

Bell Laboratories, Alcatel-Lucent



Preface

Fiber-optics are firmly established as the dominant medium of terrestrial
telecommunication infrastructure. Many excellent references and textbooks
which treat this subject in great detail are available. 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 sup-
port both CATV3 and cable modem Internet access. A similar situation exists
in some military radar/communication systems where personnel and signal
processing equipment is remoted from the physical antennas which are often
in the way of homing weapons. The format of transmission in these systems

1 Subcarrier transmission is essentially frequency division multiplex in the RF do-
main 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, (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 (analog) 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.
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is also analog in nature. Various nomenclatures have been given to these sys-
tems, 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.

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 70m in diameter (Fig. P.1).

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

4 The DSN antenna network consists of three clusters of large antennas each iden-
tical 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 lon-
gitude around the globe, to enable maximum round the clock coverage of the
interplanetary space probes.
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The DSN is operated by Jet Propulsion Laboratory (JPL) of Caltech and
has been 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 space5. At >8 billion miles from
earth, the signal power received by/from these interstellar spacecrafts is mi-
nuscule to the extent that even a single 70m diameter giant antenna alone at
DSN was inadequate to carry out the task of communication/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 single giant antenna using the phase array concept, capable of communi-
cating with the spacecrafts as they head out to interstellar space.

This extreme stability requirement of microwave fiber-optic links necessi-
tates active feedback stabilization techniques to compensate for any and all
physical factors that can affect lightwave propagation in the optical fiber ca-
ble, including temperature, humidity and mechanical effects. A scheme to
achieve this was disclosed 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 lightwave transmission” and the more traditional, technically descrip-
tive “analog/RF lightwave transmission,” the rationale being that:

1. The financial community generally offers a higher reward to non-defense
related businesses, presumably because the well-being of the latter de-
pends too heavily on the often unpredictable international political cli-
mate

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

5 On May 31, 2005 and August 30, 2007 Voyager I and Voyager II respectively
passed the heliosphere, 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/.
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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

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.
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Yet another emerging means of access and enterprise private communi-
cation infrastructure construct is free-space point-to-point millimeter-wave
(“mm-wave”) links6, 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 construc-
tion – the only criteria being locating and gaining access to line-of-site vantage
points for the transmitting and receiving antennae. The physical alignment
of these mm-wave links are substantially more forgiving than corresponding
free-space optical links, and in contrast to the latter, suffers only minimal
free-space propagation impairment under less-than-ideal weather conditions.
Another desirable factor for this type of system 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 the construction of a high speed private data network be-
tween 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 equipment located remotely from the antenna sites, even though
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Fig. P.3. Schematic of a campus-scale free space mm-wave network

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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the antenna sites are not at risk of being targeted by homing destructive
vehicles as in the case of military installations. The reasons are two-fold:

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

2. The amount of service work required at the remote antenna sites (which
are often difficult to access and subject 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.) Use of mm-wave waveguides or coaxial cables are simply not vi-
able due to dispersion/loss, in addition to being bulky, heavy and prohibitively
expensive.

The use of optical fiber should be an ideal solution. A substantial por-
tion of 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 mod-
ulated laser transmitters to minimize optical frequency chirp and resultant
signal degradation due to fiber dispersion. The “external” modulator in tele-
com long haul transmission is actually an electro-absorption (EA) modula-
tor monolithically integrated with a 1.55μm cw laser, the “IML” (Integrated
Modulator Laser). Within the metropolitan arena the fiber infrastructure is
dominated by 1.3μm links employing directly modulated Distributed Feed-
Back diode lasers, “DFBs.” In terms of the raw number of laser transmit-
ters deployed, directly modulated 1.3μm lasers far outstrip that of “IML”.
The situation is similar in HFC networks, where directly modulated 1.3μm
linear laser transmitters transporting RF signals over longer spans within
subdivisions are far more prevalent than long reach links feeding subdivi-
sion nodes from the “head-end”. In terms of economics, directly modulated
linear laser transmitters thus carry more weight. This is also the case with
the fiber-optic distribution infrastructure supporting the type of mm-wave
free-space interconnection networks as described above. For economic rea-
sons, it is preferred that short spans for transporting mm-wave signals up
to roof tops or tall towers/poles (“short-reach” links) employ 1.3μm Single
Mode Fibers “SMFs” using inexpensive 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 1.55μm SMFs (not neces-
sarily of the dispersion-shifted type.) Transmitters for these long-reach links
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employ cw laser diodes in conjunction with a high frequency external modu-
lator, of which the velocity-matched Mach–Zehnder type is a logical choice.
Similar to the case of HFC networks, the raw number of directly modulated
1.3μm “short reach” links far outstrips that of “longer reach” 1.55μm links
requiring externally modulated transmitters. To reflect this practical reality,
on top of 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” 1.55μm links for transport of millimeter-wave signals up to
50–100 km employing external electro-optic Mach-Zehnder modulators are de-
scribed in Chaps. 12 and 13, for dispersion-shifted and non-dispersion-shifted
fibers respectively. The basic principle of high frequency velocity-matched
modulators is 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 di-
rectly 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, do not
appear to have the potential of extending into the mm-wave frequency range.
Innovative approaches are therefore needed to accomplish the task of trans-
porting mm-wave subcarrier modulated optical signals in optical fibers, as
covered in Parts II and III of this book. Following 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 “res-
onant modulation”, which is basically a “small-signal” version of the classic
technique of active mode-locking applied in the mm-wave frequency range to
monolithic, standard telecom laser diode structures for transmission of subcar-
rier signals at beyond the baseband limit (into the mm-wave frequency range).
Part III discusses fiber transmission effects of mm-wave subcarrier signals in
general (Chaps. 12, 13), as well as a high level systems perspective of a particu-
lar application to fiber-wireless coverage (Chap. 14). Chapter 15 discusses the
effect and mechanism of superposition of a high frequency tone in the modu-
lation current input to the laser for 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
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subcarrier signals – “Feed-forward Modulation” (Chap. 16), which circum-
vents a significant disadvantage of the “resonant 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”, al-
beit at the cost of higher complexity and part count.

Notes on common metrics of RF signal qualities can be found in Ap-
pendix A. Basic Principles of high speed photodiodes and narrow-band pho-
toreceivers 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 “superlu-
minescent lasers” – laser diodes with very low end mirror reflectivities oper-
ating at a very high internal optical gain, using the full nonlinear, spatially
non-uniform traveling-wave rate equations, the computed response is com-
pared 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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Part I

Physics of High Speed Lasers



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 output of photons. The time dependent relation between the input electric
current and the output photons are 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, will be
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
equations [3]:

∂X+

∂t
+ c

∂X+

∂z
= A(N −Ntr)X+ + β

N

τs
, (1.1a)

∂X−

∂t
− c

∂X−

∂z
= A(N −Ntr)X− + β

N

τs
, (1.1b)

dn
dt
=

J

ed
− N

τs
−A(N −Ntr)(X+ +X−), (1.1c)

where z is the spatial dimension along the length of the laser, with reflectors of
(power) reflectivities R placed at z = ±L/2, X+ and X− are the forward and
backward 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), β
is the fraction of spontaneous emission entering the lasing mode, τs is the
spontaneous recombination lifetime of the carriers, z is the distance along the
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active medium with z = 0 at the center of the laser, J is the pump current
density, e is the electronic charge and d the thickness of the active region
in which the carriers are confined. For the remaining of this chapter it is
assumed that Ntr = 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):

1. The quantities X∗ describe the local photon number densities of a longi-
tudinal 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 ho-
mogeneously broadened laser gain spectrum.

2. 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
will be shown in later chapters to play a key role in determining direct
modulation bandwidth of laser diodes).

3. Variations of the carrier and photon densities in the lateral dimensions
are neglected.

4. Diffusion of carriers is ignored.

Assumptions 1 and 2 are very reasonable assumptions which can be derived
from detailed analysis [4–6]. The representation of the semiconductor laser as
a homogeneously broadened system can also be derived from basic consider-
ations [7]. Transverse modal and carrier diffusion effects, ignored in assump-
tions 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−
(
L

2

)
= RX+

(
L

2

)
, (1.2a)

X+

(−L
2

)
= RX−

(−L
2

)
. (1.2b)

The steady state solution of (1.1) gives the static photon and electron distri-
butions 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:

X+
0 (z) =

aeu(z) − β

Acτs
, (1.3a)

X−
0 (z) =

ae−u(z) − β

Acτs
, (1.3b)

where a is a quantity given by the following transcendental equation:

(1− 2β)ξ + 2a sinh ξ = gL

2
, (1.4)
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where

ξ =
1
2

√
(R− 1)2β2

(Ra)2
+
4
R
+ (R− 1) β

Ra
(1.5)

and g = AJ0
τs
ed is the unsaturated gain, and u(z) is given transcendentally by

(1− 2β)u(z) + 2a sinhu(z) = gz. (1.6)

The electron density N0(z) is given by

AcN0(z) =
g

1 + 2a coshu(z)− 2β . (1.7)

Figure 1.1 shows plots of X+
0 (z), X

−
0 (z) and g0(z) = AcN0(z) for a 300μm

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

1.2 Spatially Averaged Rate Equations
and Their Range of Validity

Equations (1.1) constitute a set of three coupled non-linear differential equa-
tions in two variables which do not lend themselves to easy solutions. Con-
siderable simplification 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 defini-
tion 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

dx+∗

dt
+ c

[
X+

(
L

2

)
−X+

(−L
2

)]
= A(NX+)∗ + β

N∗

τs
, (1.8a)

dx−∗

dt
− c

[
X−

(
L

2

)
−X−

(−L
2

)]
= A(NX−)∗ + β

N∗

τs
, (1.8b)

where ∗ denotes the spatial average
∫ L/2
−L/2

dz
L . Adding (1.8a) and (1.8b),

dp∗

dt
+
2c(1−R)P (L/2)

L(1 +R)
= A(NP )∗ + 2β

N∗

τs
, (1.9)

where P = X++X− is the total local photon density and the boundary con-
ditions (1.2) have been used. Equation (1.1c) integrates straightforwardly to

dn∗

dt
=

J

ed
− N∗

τs
−A(NP )∗, (1.10)
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Fig. 1.1. Steady state photon and electron density distributions inside laser diodes
with mirror reflectivities of (a) 0.3, (b) 0.1, and (c) 0.9

where a uniform pump current of density J is assumed. A is known as the
“differential optical gain”. It will be 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 =
(NP )∗

N∗P ∗ , (1.11)
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f2 =
P (L/2)

P ∗(1 +R)
, (1.12)

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

dp∗

dt
= Af1N

∗P ∗ − 2c(1−R)f2
P ∗

L
+ 2β

N∗

τs
, (1.13)

dn∗

dt
=

J

ed
− N∗

τs
−Af1N

∗P ∗, (1.14)

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

f1 = 1, (1.15)

f2 = −12
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 proportional 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 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) through (1.7), and comparing them with (1.15) and (1.16).
From (1.3) and (1.7),

f1 =
L

∫
P

1 +AτsP
dz∫

dz
1 +AτsP

∫
Pdz

, (1.17)

f2 =
LX+(L/2)∫

Pdz
, (1.18)

where the integrals are evaluated over the length of the laser. These integrals
can be numerically evaluated using (1.3) through (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 function 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.
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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
=

J

ed
− N

τs
−ANP (1.19)

dp
dt
= ANP − P

τp
+ β

N

τs
(1.20)

(1/τp = c/(2L) ln(1/R) is the classical photon lifetime and A = κc) are rea-
sonable representations if the end mirror reflectivity is above 0.2 and the laser
is above threshold. The spontaneous emission factor β in (1.20) is a factor of
two higher than that defined in (1.1) due to the inclusion of photons propagat-
ing 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 sig-
nal version of (1.1) will be solved numerically and it will be 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 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”
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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 300μm. 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 60GHz. Modulation
regimes in the millimeter wave frequencies can take advantage of this cavity
round-trip effect and is known as “resonant modulation”, to be discussed in
detail in Part II of this book.

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



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 ω, superimposed on a DC
bias current: J(t) = J0+ j(ω) exp(iωt). The photon and electron density vari-
ables, n and p, are assumed to similarly consist of a “steady state” part, and a
“small” time-varying part: n(t) = n0+n(t); p(t) = p0+p(t). Furthermore, the
“small” time-dependent part is assumed to be sinusoidally varying in time,
at the same frequency as the modulating current, i.e., n(t) = n(ω) exp(iωt),
p(t) = p(ω) exp(iωt), where n(ω), p(ω) are complex quantities in general, thus
incorporating the relative phase shifts between the drive current and the elec-
tron and phot on responses. As for what constitutes a “small” signal, one
examines (1.19) and (1.20), and observes that the difficulty which prevents
a simple analytic solution originates from the product term “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”, as-
suming no time variations in J(t); i.e., j(ω) = 0 consequently there would be
no time variations in n and p either – n(ω) = p(ω) = 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 = 1 and p0 = J0 − 1 if J0 > 1
whereas, n0 = J and p0 = 0 if J0 < 1. A straight forward physical interpreta-
tion of these simple results is that the quantity J0 = 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) to the input current J0, is simply: P0 = 0
if J0 < 1; P0 = J0 − 1 if J0 > 1.1 There is a “knee” in the optical output
1 These simple results have assumed the following normalization of the parameters –
N is normalized by (1/Aτp); P by (1/Aτs); t by τs and J by ed/(Aτsτp), in addition
to ignoring the fact that the electron density must reach a certain value before
the laser medium experiences positive optical gain – which is the assumption that
Ntr = 0, as mentioned in Chap. 1, in the derivation of (1.19) and (1.20). 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.
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power vs. 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 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” fre-
quencies, which is to be expected since the conclusion is drawn from a steady
state solution of the rate equations. Chapter 3 will examine the full frequency
dependence of various modulation distortions. It will be 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 stimu-
lated 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 transmitter which em-
ploys directly modulated laser diode must use some form of electrical distort
ion-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 discarding products of the “small” terms, n(ω)p(ω). 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 compensated 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, a “small” modulation current is then superimposed on the
DC bias current.

For a drive current which takes on a sinusoidal form at a certain fre-
quency 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) transmis-
sion, such as multi-channel CATV will be discussed in Chap. 3. Distortions
which can be treated as (small) perturbations from the ideal sinusoidal re-
sponses fall under the “small signal” regime, as discussed in Chap. 3. Gross
departures from the ideal sinusoidal response must be treated differently,
often numerical procedures are required, as is often the case in digital on/off
modulation.
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Using this “small signal” approach, one reduces the coupled nonlinear rate
equations (1.19) and (1.20) to two coupled linear differential equations, which
are then further simplified by canceling out the (common) harmonic depen-
dence of the variables, thus leaving two coupled linear algebraic equations
in the variables n(ω), p(ω) with the drive term being j(ω). The commonly
defined “frequency response” of the laser is f(ω) = p(ω)/j(ω), obtained eas-
ily by solving the two coupled linearized (now algebraic) rate equations. The
form of f(ω) is f(ω) ∼ 1/[(iω)2 + γ(iω) − (ωR)2], which is the classic form
of a conjugate pole-pair second order low pass filter, exhibiting a flat low fre-
quency pass band followed by a resonance peak at f = fR = ωR/(2π) before
falling off at a rate of −40 dB/dec (Fig. 2.1). The resonance peak at ω = ωR

is commonly known as the “relaxation oscillation” of the laser. This “relax-
ation oscillation” resonance peak in the frequency 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 ac-
cepted to be equal to fR, the relaxation oscillation frequency, although it is
well recognized that the relaxation resonance, the magnitude of which varies
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Fig. 2.1. Ideal “small-signal” modulation frequency response of a semiconductor
laser (second-order low-pass filter function)
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considerably among lasers [12, 13], can limit the useful bandwidth to some-
what 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 standard small-signal analysis of (1.19) and (1.20) (with the
only approximation being β � 1) which gives

νrel =
1
2π

√
Ap0

τp
, (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

νrel = (1/2π)(τstimτp)−1/2, i.e., the relaxation oscillation frequency is equal
to the inverse of the geometric mean of the photon and stimulated carrier
lifetimes.

Equation (2.1) suggests three obvious independent ways to increase the
relaxation frequency – by increasing the differential optical gain coefficient (A)
or the photon density, or by decreasing the photon lifetime. The differential
gain coefficient (A) can be increased roughly by a factor of 5 by cooling the
laser from room temperature to 77K [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 =
1
2
p0�ω 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 1MWcm−2. But long
wavelength quaternary lasers used for metropolitan networks or for telecom
do not suffer catastrophic mirror damages; but they do suffer from thermal-
related effects which 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 pho-
ton lifetime by decreasing the length of the laser cavity. Such a laser needs
to be driven at higher current densities and thermal effects due to exces-
sive heating will limit the maximum attainable modulation bandwidth. To
illustrate these tradeoffs the relaxation 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 300μm operating at an output optical power density
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Fig. 2.2. (a) Relaxation frequency νrel (solid lines) and optical power density out-
side the mirrors (dashed lines) as a function of the cavity length and pump current
density at T = 300K. The following parameters are used: active layer thickness =
0.15μm, α = 40 cm−1, R = 0.3, c = 3×109 cm s−l, A = 2.56×10−6 cm3 s−1, Γ = 0.5,
Nom = 1× 1018 cm−3, B = 1.5× 10−10 cm3 s−1, �ω = 1.5 eV. (b) same as (a) but at
T = 77K. The same parameters as in (a) are used except: A = 1.45× 10−5 cm3 s−1,
Nom = 0.6 × 1017 cm−3, B = 11 × 10−10 cm3 s−1 [14]. (From [15], c©1983 AIP.
Reprinted with permission)

of 0.8MWcm−2 (close to catastrophic mirror damage, unless special provi-
sions are taken) possesses a bandwidth of 5.5GHz, and the corresponding
pump current density is 3 kA cm−2. Operating at an identical power density,
the bandwidth is 8GHz for a shorter laser with a cavity length of 100μm,
but the corresponding 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 optical damage threshold as described above can operate at in-
creased current densities without appreciable degradation of their reliability.
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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 20GHz
can be achieved, however, use of a short optical cavity and/or incorporation
of a “non-absorbing window” structure is imperative under these operating
conditions.

Experiments have been performed to determine the modulation bandwidth
attainable 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
heating when operated at high above threshold, these lasers posses very low
parasitic capacitance [17] which otherwise would obscure modulation effects
at higher frequencies (>5GHz). The lasers were mounted on a 50Ω 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 amplitude over a frequency range of 0.1–8.5GHz. A sweep oscil-
lator (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 10GHz using a step-recovery-diode excited GaAs laser,
which produced optical pulses 25 ps in full width at half-maximum, as mea-
sured by standard nonlinear autocorrelation techniques. The response of the
diode to the optical pulse, recorded on the microwave spectrum analyzer,
is then de-convolved 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 shows the cw light vs. current characteris-
tic of a short-cavity (120μm) 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 bandwidth can be pushed to beyond 8GHz as the bias point
approaches the catastrophic damage level. Figure 2.4 shows the relaxation
oscillation frequency of this laser as a function of

√
P0, where P0 is the out-

put power, together with that of similar lasers with longer cavity lengths. All
lasers tested suffered catastrophic damage between 6 and 8mW per 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 prefer-
ably operating at low temperatures. This would shorten the photon lifetime,
increase the intrinsic optical gain and the internal photon density without
inflicting mirror damage. An absolute modulation bandwidth (at the point of
catastrophic failure) of >8GHz has already been observed in a 120μm 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
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Fig. 2.3. (a) cw light vs. current characteristics of a BH on SI laser. Length
of laser = 120 μm. Modulation characteristics of this laser at various bias points
indicated in the plot are shown in (b). (From [15], c©1983 AIP. Reprinted with
permission)

structure and amounts to 1/2 to 1/3 for commercial devices of comparable
construction [18]. This would place the useful modulation bandwidth of these
short-cavity BH on SI lasers between 4.6 and 5.7GHz. The same laser at 77K
without a window should have a modulation bandwidth of ≈12GHz.
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3

Distortions in Direct Modulation
of Laser Diodes

3.1 Perturbation Analytic Prediction of Distortions
in Directly Modulated Laser Diodes

For analog transmission systems, linearity is a prime parameter. In fiber op-
tics systems, the general modulation responses of the laser diode are well
known [19] and their harmonic distortion characteristics have been theoreti-
cally analyzed [20–22]. This chapter describes a “perturbation” analytic ap-
proach for obtaining closed form solutions of harmonic distortions generated
in the modulated optical intensity output of a laser diode under a pure single-
tone sinusoidal modulation. The predictions are corroborated with experimen-
tal 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 convenient to normalize the variables in (1.19) and (1.20) as follow – N
is normalized by (1/Aτp); P by (1/Aτs); t by τs and J by (ed/Aτsτp).

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

dn
dt
= J −N −NP −N, (3.1)

dp
dt
= γNP + βN, (3.2)

where γ = τs/τp ∼ 1, 000 for a typical laser diode, the variables J , N , P and
t are now dimensionless quantities.

Assuming the applied current J = J0+ j(t) where the modulation current
j(t) = 1

2j1e
iωt + 1

2j
∗
1e

−iωt. This is followed by a “perturbation analysis”, so
called because the analysis involves the assumption that higher harmonics are
much weaker than and thus can be derived from perturbations originating
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from products of lower harmonic terms, as generated by the product of n and
p (the stimulated emission term in the dimensionless simple rate equations
(3.1) and (3.2)). This procedure gives the following results for the harmonic
amplitudes [23]:

n1 = j1g(ω)/f(ω), (3.3a)
s1 = γj1(s0 + β)/f(ω), (3.3b)

nN =
1
2

(
N−1∑
i=1

nisN−i

)(−g(Nω)− γn0

f(Nω)

)
, (3.3c)

sN =
1
2

(
N−1∑
i=1

niSN−i

)(−γ(s0 + β) + γh(Nω)
f(Nω)

)
, (3.3d)

where

g(ω) = iω + γ(1− n0), (3.3e)
h(ω) = iω + (1 + s0), (3.3f)
f(ω) = h(ω)g(ω) + γn0(s0 + β), (3.3g)

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

n = n0 +
∑
k

(
1
2
nkeikωt +

1
2
n∗
ke

−ikωt

)
(3.4a)

s = s0 +
∑
k

(
1
2
skeikωt +

1
2
s∗ke

−ikωt

)
(3.4b)

where ∗ represents complex conjugate. γ is the ratio of the electron to photon
lifetime, and β is the familiar spontaneous emission factor. The factor f(ω)
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 β
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(Nω) in the expressions for higher harmonics
indicates that the Nth harmonic has N resonance peaks at frequencies ωr/N ,
where ωr ∼

√
γ(j0 − 1) is the RO frequency. The modulated output is thus

especially rich in harmonic content at modulation frequencies equal to sub-
multiples of ωr.

Figure 3.1 shows a plot of the harmonic distortion characteristics when
“prefiltering” is applied to the modulation current to compensate for the RO
resonance, i.e., let j1 = Jf(ω) in (3.3), so that the first (fundamental) har-
monic response is flat. The parameters used are β = 10−4, j0 = 1.6, γ = 2, 000,
spontaneous lifetime = 3ns, and the modulation depth = 80%. It shows that
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Fig. 3.1. Calculated harmonic amplitudes with prefiltering of modulation current.
(From [23], c©1980 Elsevier. Reprinted with permission)

the harmonic distortion is actually worst not at the RO frequency but at
submultiples of it.

Since the same factor f(ω) giving rise to the RO resonance is also re-
sponsible for the resonance peaks of higher harmonics, it follows that lasers
having a high RO resonance Q-factor would have larger harmonic distortion.
Indeed, this is what is observed experimentally. Figure 3.2a shows experimen-
tally measured harmonic distortions for a proton-implant isolated stripe laser
which has a relaxation oscillation resonance at about 1.7GHz in the small sig-
nal response; the peak of which is about 8 dB above the “baseband” (low fre-
quency) value. The data was obtained with the laser biased at 1.2× threshold,
driven with a sweep oscillator to an optical modulation 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 fall-off
at 1.8GHz. The distortion characteristic contrasts sharply to that of Fig. 3.2a.

While the above results show that harmonic distortions are very signif-
icant when modulated at frequencies above approximately one-third of the
RO frequency, they nevertheless 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 resonance; prefiltering is applied to the modulation current to keep
the first harmonic constant at all frequencies. (From [23], c©1980 Elsevier. Reprinted
with permission)

In conclusion, an analytic approach was introduced in which the har-
monic distortions in the intensity modulated output of a laser diode due to
a sinusoidal modulating current was derived and compared favorably with
measurements, yielding the principal result that the strength of the relax-
ation 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 will form the basis of analytic studies of intermod-
ulation distortions in Sect. 3.2.

3.2 Intermodulation Distortion

In Chap. 2 where direct modulation of semiconductor lasers was described,
it was found that there are three key laser parameters of practical relevance
which 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 tackling of each of these three parameters led to
the first semiconductor lasers with a direct modulation bandwidth exceeding
10GHz [26, 27] (Chap. 4). A direct modulation bandwidth of >10GHz is now
common place using advanced materials such as strained layer or quantum-
confinedmediaastheactive lasingmedium(Chap. 5).One importantapplication



3.2 Intermodulation Distortion 23

for multi-GHz bandwidth semiconductor laser is multichannel (RF) frequency
division multiplexed transmission of analog or microwave signals, in addi-
tion to advanced military radar and antenna systems. The most significant of
these applications are successful commercial deployments of CATV distribu-
tion 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 (a.k.a. analog) fiber optic link.
Section 3.1 introduced a perturbation analytic formulation for prediction of
distortions in direct modulation of laser diodes. This section will use that for-
mulation 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 character-
istic 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 excel-
lent 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 modu-
lation frequency increases, the harmonic distortions increase very rapidly – at
modulation frequencies above 1GHz, 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 frequencies. In most multichannel sig-
nal 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 actu-
ally of little concern since they generally do not fall within the frequency band
where the carriers congregate 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 ω1 and ω2 within a certain channel can generate intermodu-
lation products at frequencies 2ω1 − ω2 and 2ω2 − ω1 may fall on another
channel thus causing cross-channel interference. This is known as Intermod-
ulation 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 modula-
tion at multi-gigahertz frequencies have been studied both theoretically and
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Fig. 3.3. Illustration of sidebands and harmonics generated by a two-tone mod-
ulation of a laser diode. This simulates narrowband transmission at a high carrier
frequency. (From [28], c©AIP 1984. Reprinted with permission)

experimentally [28]. These results will be described in the following. The ex-
perimental study consists of modulating the lasers with two sinusoidal signals,
20MHz apart, and observing the various sum, difference, and harmonic fre-
quencies thus generated. The major distortion signals considered here are
shown in Fig. 3.3. The principal distortion signals of practical concern, as
mentioned above, are the third order IM products, at frequencies 2ω1 − ω2

and 2ω2−ω1. The various distortion signals are systematically studied as one
varies the frequency (ω) of the modulating signals (the two signals being ω
and ω + 2π × 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 ampli-
tude of the modulated optical waveform and A is the optical output from the
laser at the dc bias level. Major observed features are summarized as follow:

1. 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
amplitude) even at an OMD approaching 100%.

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

3. The relative amplitude of the IM product (relative to the signal amplitude)
increases at a rate of 40 dB per decade as ω increases, reaching a plateau
at one-half of the relaxation oscillation frequency, and picks up the 40 dB
per decade increment as ω exceeds the relaxation oscillation frequency. A
typical value of the IM product at the plateau is −50 dBc at an OMD
of 50%.
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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 20MHz apart and centered at
≈3GHz. (From [28], c©AIP 1984. Reprinted with permission)

4. In some lasers the IM product may show a peak at one-half of the relax-
ation oscillation frequency. The magnitude of this peak is found to roughly
correspond 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 ω = 2π×3GHz, at
various OMD’s. The relaxation oscillation frequency of this laser is at 5.5GHz.
The observed data of IM and second harmonic as functions of OMD and ω
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 har-
monic distortion perturbation analysis. One starts out with the simple rate
equations and assumes that the harmonics are much smaller than the fun-
damental signals. The photon and electron fluctuations at the fundamental
modulation frequency are thus obtained with a standard small-signal analysis,
neglecting terms of higher harmonics. 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 distor-
tion terms as shown in Fig. 3.3. A “perturbation” approach can be adopted as
follow: the amplitudes of the fundamental terms (ω1, ω2) � those of second
order terms (2ω1, 2ω2, ω1 ± ω2) � those of third order terms (2ω1,2 − ω2,1).
The perturbative analysis then follows in a straightforward manner. Denote
the steady state photon and electron densities by P0 and N0, and the fluctua-
tions of the photon and electron densities by lower case n and p at a frequency
given by the superscript. 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:

iωnω = −(N0p
ω + P0n

ω + nω +Dω), (3.5a)
iωpω = γ(N0p

ω + P0n
ω − pω + βnω +Gω). (3.5b)
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The driving terms, Dω and Gω, are given in Table 3.1 for each of the eight
frequency components. The quantities j1, j2 are the modulating currents at
frequencies ω1 and ω2. The quantities γ and β in (3.5) are the ratio of the
carrier lifetime to photon lifetime and the spontaneous emission factor, respec-
tively. The ω’s in (3.5) are normalized by l/τs where τs is the carrier lifetime
and the n’s, p’s, and j’s are normalized in the usual fashion as outlined at
the beginning of Sect. 3.1. One can solve for the n’s and p’s at each of the
eight frequency components. To simplify algebra one can consider a practical
case of transmission of a single channel in a narrowband centered around a
high-frequency carrier, as diagrammatically depicted in Fig. 3.3. Specifically,
the following is assumed:

1. ω1 = ωc − 1
2Δω, ω2 = ωc + 1

2Δω, Δω � ωc, ωc is the center frequency of
the channel.

2. β � 1; 1−N0 ∼ β.

The first assumption implies that the carrier frequency ωc is much higher than
Δω. The second assumption is based on the fact that β � 10−3, and that
the clamping of steady state electron density when the laser is above lasing
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Table 3.1. Driving terms of the various harmonic and IM signals

ω D(ω) G(ω)

ω1,2 j1,2 0

2ω1,2
1
2
nω1,2p

ω1,2

ω1 − ω2
1
2
[nω1(pω2)∗ + pω1(nω2)∗]

ω1 + ω2
1
2
(nω1pω2 + pω1nω2) Same as D(ω)

2ω1 − ω2
1
2

[
n2ω1(pω2)∗ + p2ω1(nω2)∗

+nω1−ω2pω1 + pω1−ω2nω1
]

2ω2 − ω1 Interchange ω1 and ω2 above

threshold as explained at the beginning of Chap. 2. The amplitudes of the
eight frequency components of Fig. 3.3 are as follows:

pω1,2 = j1,2/f(ωc), (3.6)
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where f(ω) takes the form of 1 + iω/ω0Q + (iω/ω0)2, where ω0 =
√
γP0 is

the dimensionless (normalized to 1/τs) relaxation oscillation frequency, and
Q depends on, among other things, β and the bias level;

p2ω1,2 = (iωc)2j2
1,2/γP

2
0 f(2ωc), (3.7)

pΔω = ij1j
∗
2Δω/γP 2

0 , (3.8)

pω1+ω2 = ij1j2(2ωc)2/γp2
0f(2ωc), (3.9)

p2ω1−ω2 = −1
2
ij2

1j
∗
2ω

2
c (ω

2
c + γP0)

γ2P 3
0 f(2ωc)

. (3.10)

Taking j1 = j2 = j, the relative second harmonic (p2ω1,2/pω1,2) and inter-
modulation (p2ω1−ω2/pω1,2), as given in (3.6), (3.7), and (3.10), are plotted in
Fig. 3.5 as a function of the OMD (= 2j/p0), at a signal frequency of 2GHz
(i.e., ωc/τs = 2π × 2GHz). The data points shown are obtained with a high-
speed laser diode with the relaxation oscillation frequency at 5.5GHz. The
amplitude of the IM signal (3.10) is plotted in Fig. 3.6 as a function of carrier
frequency ωc, at a fixed OMD of 80%, assuming ω0/τs = 2π×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 τs = 4ns, τp = 1ps. The actual small-signal modulation re-
sponse 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.

The above results are significant in that:

1. The linearity of the cw light-current characteristic (as well as distortion
measurements at low frequencies) are not reliable indications of the IM
performance at high frequencies.

2. Although the IM product initially increases at a rapid rate of 40 dB/dec
as the modulation frequency is increased, it does plateau to a value of
∼−45 dBc which is satisfactory for many applications, including, for in-
stance, television signal transmission.
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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 communication links, increasing the optical power density can
bring about undue degradation or even catastrophic failure of the laser un-
less 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 lowering 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
optical 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 demon-
strated 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 communications are of the long-wavelength type
(constructed of quaternary compound semiconductors, which do not suffer
catastrophic mirror damage at high power densities). Although they do suf-
fer 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 will be discussed in Chap. 5. Never-
theless the dependence of modulation speed on internal photon density can be
independently illustrated with a “window” buried heterostructure laser fabri-
cated 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
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Fig. 4.1. Schematic diagram of a window buried heterostructure laser on a semi-
insulating substrate. (From [27], c©1984 AIP. Reprinted with permission)

manner a direct comparison can be made, and the photon density dependence
clearly illustrated. This laser served as a vehicle for the landmark demonstra-
tion [27] of the possibility of a laser diode possessing a baseband bandwidth
beyond 10GHz operating at room temperature – the figurative “four-minute
mile” as far as direct laser modulation is concerned.

The laser used in this experiment is shown in schematically 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 covered 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 opti-
cal 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 cou-
ples back into the active region. This reduces the effective reflectivity of the
end mirrors of the laser. The exact value of the effective reflectivity depends
on the length (L) of the window region. The theoretical value of the effec-
tive reflectivity, assuming a fundamental Gaussian beam profile, is reduced
to 5% for L = 5μm. 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 vs. current characteristic of a window laser is shown in
Fig. 4.2. The threshold current of these devices ranges from 14 to 25mA.
The threshold 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 120mW under
pulse operation. Under cw operation, the maximum operating power is lim-
ited by heating to 50mW. The microwave modulation characteristics of the
devices were measured with a standard experimental arrangement as shown
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Fig. 4.2. cw light vs. current characteristics of a window buried heterostructure laser
on a semi-insulating substrate. (From [27], c©1984 AIP. Reprinted with permission)

in Fig. 4.3. The photodiode used was an improved version of the on reported
in [15,33] and was fully calibrated up to 15GHz 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
15GHz by removing the laser and photodiode and connecting point A directly
to point B as shown in Fig. 4.3. In this way, every 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 10GHz, can be accounted
for. The modulation data are first normalized by the electrical system calibra-
tion using a storage normalizer, and are then normalized by the photodiode
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
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Fig. 4.3. A standard measurement system for high-frequency characterization of
semiconductor lasers. (From [27], c©1984 AIP. Reprinted with permission)

relaxation oscillation peak should be contrasted with the responses of similar
devices which are capable of being modulated to comparably high frequen-
cies (≈10GHz), examples of which are a short cavity version of the present
device without a window (Chap. 2), or a regular device operating at low tem-
perature (Chap. 5). In both of the latter instances, a strong resonance occurs
when the frequency of the resonance is below ≈7–8GHz, while the effect of
parasitic elements is at least partially responsible for the reduction of the res-
onance amplitude at higher frequencies. The absence of relaxation oscillation
in the window BH on SI lasers at all bias levels can be due to superlumines-
cent 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 10GHz with
the laser operating at room temperature. This work, together with the exper-
imental work described in Chaps. 2 and 5, completes the verification of the
modulation bandwidth dependence 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, which is:



4 High Optical Power Density 33

1

2
3

4
5

40 dB/dec
−20

−15

−10

−5

0

Modulation Frequency

|s
21

| (
dB

)

(a)

1 2 3 4 5 6 7 8 9 10 12  14

00

2

4

6

8

10

12

M
od

ul
at

io
n 

B
an

dw
id

th
 (

G
H

z)

P0 (mW1/2)

(b)

1 2 3 4 5
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The −3 dB modulation bandwidth vs. the square root of the emitted optical power.
(From [27], c©1984 AIP. Reprinted with permission)

1. Not at the optimal operating wavelength for long distance fiber transmis-
sion (even though it is used for local area networks and optical intercon-
nections between and within computers)

2. Subjected to catastrophic mirror damage common to lasers with GaAs as
active region material
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Standard telecommunication lasers constructed from quaternary compounds
do not suffer from catastrophic mirror damage, even though the maximum
operating power of those lasers are limited by thermal effects instead. All di-
rectly modulated high speed laser transmitters today, which operate in the
immediate distances within the metropolitan area are constructed from qua-
ternary semiconductor materials in the 1.3μm wavelength region. The prin-
ciples illustrated in this chapter apply well for direct modulation bandwidth
limits in general.



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 electrons 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 prop-
erty 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 in order to increase the differential gain of the device while keep-
ing other material parameters and device structures unchanged and, as such
clearly demonstrated this effect. This result was further corroborated by an el-
egant experiment by Newkirk and Vahala [34]. These results will be 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 are experimental results on direct amplitude mod-
ulation of low threshold GaAs/GaAlAs buried-heterostructure lasers fabrica-
ted on semi-insulating substrates [16], operating at below room temperature.
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These results show that a direct modulation bandwidth of beyond 10GHz is
attainable 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 ther-
mal 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 temperature, which can be varied from −140◦C to room tempera-
ture. 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 15GHz using a mode-locked dye
laser and a microwave spectrum analyzer. The −3 dB point of the photodiode
response is at 7GHz and the −5 dB point at 12GHz.

The light vs. current and current vs. voltage (I–V) characteristics of a
175μm-long laser at various temperatures are shown in Fig. 5.1a,b. The las-
ing threshold current at room temperature is 6mA, dropping to ≈2mA at
−70◦C. The I–V curves reveal a drastic increase in the series resistance of the
laser below ≈ −60◦C. 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 ionization energies. Modulation of the laser diode be-
comes 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 175μm-long laser at −50◦C, 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 overall 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 ) in Fig. 5.3, at room

temperature and at −50◦C and −70◦C.
Since, according to (2.1), the corner frequency is directly proportional to√

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 22◦C to that at −50◦C 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◦C to −50◦C assuming
that the photon lifetime does not change with temperature. To check whether
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Fig. 5.1. (a) Light vs. current characteristics of a 175 μm laser at various tempera-
tures; (b) I–V characteristics of the same laser. (From [26], c©1984 AIP. Reprinted
with permission)

this result is consistent with previously calculated 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 vs. carrier concentration plots. From these theoretical results, the
ratio of A at 160K to that at 300K is 2.51. A simple linear interpolation yields
an increase by a factor of 1.87 for A at 223K (−50◦C) over that at 300K.
This is consistent with the value obtained from the modulation measurements
described above.

While the above experiment clearly demonstrates the dependence of re-
laxation oscillation frequency on differential optical gain, increased junction
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Fig. 5.2. Modulation response of a 175 μm buried-heterostructure laser on semi-
insulating substrate operating at −50◦C. (From [26], c©1984 AIP. Reprinted with
permission)

resistance at low temperatures introduces very large electrical parasitic ef-
fects which could camouflage improvements in modulation response. In the
next section, an elegant parasitic-free modulation method will be described
which circumvents this limitation and unequivocally proves the explicit de-
pendence of relaxation oscillation frequency on differential optical gain. This
constitutes the basis of understanding of superior high speed direct modu-
lation 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 general and consistent observation that the modulation re-
sponse 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 parasitic elements are appreciable at modulation
frequencies above 7GHz. This can account for the absence of a resonance peak
in the modulation response at high optical powers (Fig. 5.2) and the slight dis-
crepancy 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 10GHz cannot be
overstated.



5.1 Low Temperature Experiments 39

L  =  175μm

−70°C
−50°C

22°C

0 2.0 2.4
0

1

2

3

4

5

6

7

8

9

10

11

12

M
od

ul
at

io
n 

B
an

dw
id

th
 (

G
H

z)

P
0.4 0.8 1.2 1.6

mW )(

Fig. 5.3. Variation of modulation bandwidth (corner frequency of the modulation
response) with the square root of the emitted optical power

√
P . (From [26], c©1984

AIP. Reprinted with permission)

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 opti-
cal gain, the high series resistance encountered at low temperature impeded
collection of clean data. This problem was circumvented by a subsequent, el-
egant modulation technique demonstrated by Newkirk and Vahala [34] which
involves directly modulating the carrier density in the active region of the laser



40 5 Differential Gain and Quantum Confinement

293K 77K
4.2K

5mA

5mA

−40 dB/DECADE

0.5

−25

−20

−15

−10

−5

0

5

10

23mA

Modulation Frequency (GHz)

R
el

at
iv

e 
M

od
ul

at
io

n 
(d

B
)

1 2 5 10 15 20

Fig. 5.4. Measured modulation response by parasitic-free photo-mixing technique
at three temperatures. (From [34], c©1989 AIP. Reprinted with permission)

diode by illuminating the active region of the test laser diode with two cw laser
beams which 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 ef-
fects induced by a high series resistance at low temperature. The modulation
response data shown in Fig. 5.4 [34] is 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 he-
lium [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 (Fig. 5.5).
This calls for advanced materials which possess a high differential optical
gain at room temperature. Two such existing examples are quantum confined
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media and strained layer medium [37]. Section 5.2 briefly describes investi-
gations in quantum confined media by Arakawa, Vahala, and Yariv who first
predicted theoretically and articulated clearly [38] that quantum confinement
could play an enabling role in enhancing differential gain. Additionally, the im-
pact of quantum-confinement on the α-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 under modulation for single frequency lasers
(such as a distributed feedback lasers prevalent in telecommunication these
days). This again affirmed the critical importance of achieving high differen-
tial gain for high-performance lasers. Interested readers are referred to [37] for
a parallel treatment regarding strained layer laser physics and performances.
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5.2 Attainment of High Modulation Bandwidths
Through Quantum-Confined Materials

The relation (2.1) clearly illustrates the significant role optical gain (or dif-
ferential optical gain – to be precise, plays in the modulation speed of a laser
diode. The differential optical gain in a quantum confined medium (a.k.a.
lower dimensional 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 three-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 materi-
als”; 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. The role of its 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 frequency fr and the reduction of α-
factor, the latter a measure of wavelength “chirping” under direct modulation.
The principal result of this work is summarized in Fig. 5.6 in which fr and
α are plotted as a function of wire width for a quantum wire medium, as
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Fig. 5.6. Predicted α and fr as a function of wire width for a quantum wire laser.
(From [38], c©1984 AIP. Reprinted with permission)
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the wire width is reduced the modification in density of states produces an
enhancement in fr and a reduction in α. 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 lower-dimension (1-D or 0-D)
quantum confined lasers have been predicted as described in [38] (Fig. 5.6)
their realization require fabrication of structures of sizes comparable to the
electronic wave-function in order to provide quantum confinement of electrons
and holes in 1, or 3 dimensions. These structures are difficult to fabricate
due to their small physical dimensions; it was only relatively recently that
Q-Wi (1-D) and QD (0-D) lasers have been realized, and then still not yet
operating at the performance level where consistent high speed modulation
data could be taken. So far measurements on these low-dimensional quan-
tum confined lasers have been confined to lasing thresholds, spectra and their
temperature dependences only. An early independent verification of the ben-
eficial dynamic effects of low-dimensional quantum confinement was carried
out by Arakawa, Vahala, Yariv and Lau [40] in which quantum confinement
was created experiment ally with a large magnetic field for quantum-wire
behavior due to quantized cyclotron orbits. This experiment took on a sim-
ilar 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 pre-
pared in different apparatus. This experiment indeed was shown to produce
the density of states modifications associated with quantum confinement, 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 con-
tinued improvements in nano-fabrication technologies will result in consistent
and reliable low-dimensional quantum-confined lasers which can bring about
practical high frequency directly-modulated broad-band optical transmitter,
capable of operating in the millimeter wave frequency range without resort-
ing to narrow-band schemes such as resonant modulation, to be described in
Part II of this book.

While concerted research efforts are underway to fabricate reliable high
performance Quantum Wire and Quantum Dot lasers, Quantum Well lasers
have already been realized for some time and now dominate the telecommu-
nications 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, result-
ing in a high modulation bandwidth at modest powers and low chirp under
modulation. This lends credence to the prediction (and hence the excitement)
that Quantum Wire and Dot lasers will assume similar dominant positions
when their fabrication and production become mature.
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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 veri-
fied extensively in semiconductor lasers of many different structures. It was
also recognized that a single-mode laser will not remain single-mode 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 essentially 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 switch-on of lasing emission, the ratio of the power in the ith mode to
that in the jth longitudinal mode is given by

si(t)
sj(t)

=
si(t = 0)
sj(t = 0)

exp(Gi −Gj)t, (6.1)

where Gi = giα is the optical gain of the ith mode, gi is commonly represented
by a Lorentzian distribution

gi =
1

1 + bi2
(6.2)

and α 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
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spectrum spans over several hundred angstroms, the value of b, which is a
measure of the amount of mode selectivity, is quite small and is on 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 in deriving (6.1), sponta-
neous emission was omitted and consequently as t → ∞, it predicts that
only one mode can oscillate and 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-mode un-
less 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 multimode under high frequency microwave modulation, and secondly, to
develop a theoretical treatment which can explain these results, and provide a
general understanding 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 will be further explained in detail in Sect. 6.7.

6.2 Experimental Observations

The longitudinal spectrum of a laser under direct modulation obviously de-
pends 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 modulation [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
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in a composite cavity laser where additional frequency selectivity arises from
intracavity interference [56]. Experimental work on lasing spectral transients
under step or pulse excitation has been fairly well documented. In experi-
ments 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 120μm long
laser are shown in Fig. 6.1. These lasers have an extremely low threshold, less
than 10mA, and display a single-longitudinal mode at output powers above
∼1.3mW. The CW characteristics of a regular laser whose cavity length is
250μm are shown in Fig. 6.2. The light vs. current characteristic is essen-
tially similar, except for the higher threshold current, to that of the 120μm
laser. The longitudinal mode spectrum of this laser becomes single-mode at
an output power slightly above 1mW. The fraction of power contained in
the dominant lasing mode is higher in the short laser than the long one at
all corresponding output power levels. However, it should be mentioned that
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Fig. 6.1. CW light vs. current and spectral characteristics of a GaAs laser whose
cavity length is 120 μm
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Fig. 6.2. CW light vs. current and spectral characteristics of a GaAs laser identical
to that shown in Fig. 6.1 except that cavity length is 250 μm

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 oscilla-
tion considerably faster than a long cavity laser [48,49]. Under high-frequency
continuous microwave 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 observation 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 spec-
trum. The optical modulation depth η is defined as the ratio of the amplitude
to the peak of the modulated optical waveform [i.e., if the optical waveform is
S0+S1 cosωt, then η = 2S1/(S0+S1)]. Another interesting observation is that,
contrary to common belief, this critical modulation depth does not depend
on modulation frequency, at least within the frequency range of 0.5–4GHz.
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 fre-
quencies between 1 and 3GHz. A single-mode spectrum can be maintained at
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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 frequen-
cies of 1 and 3GHz. The laser is biased at a dc optical power of 1.5mW. (b) Same
experiment as in (a) but for the laser shown in Fig. 6.2

a modulation depth up to 90% regardless of modulation frequency. The laser
is biased at a dc output power of 1.5mW. 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 fluc-
tuation in carrier density. A simple singlemode rate equation analysis shows
that under a constant optical modulation depth, the fluctuation in carrier
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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 1.5mW as above. Multimode oscillation occurs at a lower optical
modulation depth of 75%. This is also relatively frequency independent.

Extreme care must be taken in determining the exact value of the optical
modulation depth, especially at high frequencies. The drop-off in the photode-
tector response at high frequencies can be taken into account by precalibrating
the photodiode response using picosecond pulse techniques. However, most
photodiodes display an excess dc gain of several decibels, and it is very diffi-
cult 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 pho-
tocurrents. One way to do this is to observe the photodetector output directly
in the time domain (oscilloscope) while modulating the laser at a “low” fre-
quency (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 indi-
cates 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 dynam-
ics must include both cases of positive and negative step transitions. These
give insights in cases of practical interest such as that when the laser is mod-
ulated by a pseudorandom sequence of current pulses or by a continuous
microwave signal. Analytic solutions are difficult to come by due to the com-
plexity of the coupled nonlinear multimode equations which do not lend them-
selves 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 are to derive a simple analytical
solution which will allow significant insights into the problem of the time evo-
lution 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 re-
sponse given a certain modulation current waveform. There is no easy solution
to the problem 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 linearized. In the case where many modes are taken into account
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and nonlinear effects are what one is looking for, the analysis becomes hope-
lessly 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 ith longitudinal mode reads

dsi
dt

=
1
τp
[(Γgin− 1)si + Γβin] , (6.3)

where n is the electron density normalized by 1/Aτp, si is the photon density in
the ith mode normalized by l/Aτs, A is the (differential) optical gain constant,
βi is the spontaneous emission factor for the ith mode, τp and τs are the photon
and spontaneous lifetimes, Γ 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 βi = β × gi
where β = βi=0. The normalized electron density n is clamped to a value very
close to l/Γ 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 − nΓgi, though small, cannot be neglected in (6.3). Let S =

∑
si be the

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

Ṡ =
1
τp

(∑
i

siΓgin− S + Γn
∑
i

βi

)
. (6.4)

Now, let αi = si/S be the fraction of the optical power in the ith mode. The
rate equation for αi can be found from (6.3) and (6.4)

α̇i =
Sṡi − siṠ

S2
=
1
τp

Γ

⎛
⎝αi

∑
j

(gi − gj)αj − αi
S

∑
j

βj +
βi
S

⎞
⎠n,

i = −∞→∞. (6.5)

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

∑
j(gi−gj)αj 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 which 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
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similar to that in the two-mode case. Therefore, implications 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, α1 and α2, is related by

α1 + α2 = 1. (6.6)

Thus, from (6.5), the time evolution equation for α1 is

α̇1 =
1
τp

[
α1α2(g1 − g2) +

β

S
(1− 2α1)

]
, (6.7)

where β1 = β2 is taken since they differ only by parts in 104 [44]. Combining
(6.6) and (6.7), one has

α̇1 =
1
τp

[
α1(1− α1)δg +

β

S
(1− 2α1)

]
,

δg = 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. 6.4, 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

α1(t) =
1
τB

{
A+ 2Bα1(0) + 2

τ tanh
(
t
τ

)
[A+ 2Bα1(0)] tanh

(
t
τ

)
+ 2

τ

}
− A

2B
, (6.9)

where

1
τ
=

1
2τp

√
δg2 + 4

(
β

S

)2

, (6.10a)

A =
1
τp

(
δg − 2β

S

)
, (6.10b)

B =
1
τp

δg. (6.10c)

It is obvious from (6.9) that the temporal evolution of the modal intensities
possesses a time constant τ as given in (6.10a). This time constant decreases
as δg increases and τp decreases. The dependence on δg is intuitively obvi-
ous since a higher modal discrimination leads to a faster time for the laser
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Fig. 6.4. 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 10MHz.
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)

to equilibrate towards its steady state spectrum. A further examination of
the solution indicates that at the limits of high and low photon densities, τ
approaches the following:

τ ∼ 2τp
δg

, S large; (6.11a)

τ ∼ Sτp
β

, S small. (6.11b)

Thus, in pulse or square modulation where the bottom of the optical modu-
lated 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 δg whereas when the laser is turned off the time constant would
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Fig. 6.5. Calculated time constant for spectral transients in a two-mode laser as a
function of normalized total photon density. A normalized value of S = 1 corresponds
roughly to an output power per facet of 1.5mW. The values of the parameters used in
the calculations are 1/τp = 1, 500, b = 10

−4 for a 300μm device and is proportional
to the square of cavity length, β = 5 × 10−5 for a 300μm device and is inversely
proportional to cavity length

depend on the optical power level at the off state. Figure 6.5 shows a plot of
the time constant τ as a function of the total photon density S, for various
cavity lengths. One can see from Fig. 6.5 and (6.10a) that, by reducing the
length of the laser, one can reduce the time constant not only by an increased
mode selectivity (δg) but also through a reduction in τp. Figure 6.4 shows
plots of α1, using (6.9), with the modulated waveform of the total photon
densities shown in the top part of the figure. The modulation frequency is
10MHz, and Fig. 6.4 shows cases with increasing modulation depth. These
plots show that the time constant for equilibriating 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 fre-
quencies (above ∼1GHz), the spectral content does not have sufficient time
to change from cycle to cycle, and the relative mode amplitudes are approxi-
mately constant in time. This is shown in Fig. 6.6, which has plots similar to
Fig. 6.4, but at a higher modulation frequency of 300MHz. The simple ana-
lytical results above are obtained by assuming 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 significant effect
on the solution, as can be seen from previous numerical results which 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, on the order of 10 ns. This is longer than one actually observes,
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Fig. 6.6. Plots similar to Fig. 6.4 but a higher modulation frequency of 300MHz.
The optical modulation depths in (a–d) are identical to the corresponding plots in
Fig. 6.4

and results from the fact that only two modes with almost identical gains are
competing against each other. The analysis in the next section will show that,
when many modes are taken into account, the time constant is considerably
smaller – of 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

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 α0. which is described by (6.5)
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α̇0 =
1
τp

⎛
⎝α0

∑
j

(1− gj)αj − α0

S

∑
j

βj + β

⎞
⎠ . (6.12)

As mentioned before, an exact solution is not possible due to difficulties in
evaluating the following time-dependent term in (6.12)∑

j

(1− gj)αj(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

αi(t) =
α0(t)

1 + c(t)i2
(6.14)

with the condition ∑
i

αi(t) =
∑
i

α0

1 + ci2
= 1. (6.15)

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

∑
i

(1− gi)αi(t) = α0

∑
i

(
bi2

1 + bi2

)(
1

1 + ci2

)

=
b

c− b

(
α0π√

b
coth

π√
b
− 1

)
, (6.16)

where the relation in (6.15) has been used. The value of b is on 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

∑
j

(1− gj)αj(t) = α0π

√
b

c
, (6.17)

where cothπx→ 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 α0(t) (details in Sect. 6.5.1)

1
c
=
(1 + 2α0)(1− α0)

π2α2
0

. (6.18)

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

α̇0 =
1
τp

(√
b

π
(1 + 2α0)(1− α0)− α0

πβ

S
√
B
+

β

S

)
. (6.19)
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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. 6.5

The form of this equation, ẋ = Px2+Qx+R is similar to the time evolution
equation in the two-mode case. The solution is thus similar in form to that
discussed in the last section, (6.9). The corresponding time constant in this
many-mode case can be evaluated from the coefficients in (6.19)

1
τ |many mode

=
1
2τp

√
9b
π2
+

π2β2

S2b
− 2β

S
. (6.20)

Figure 6.7 shows a plot of τmany 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 multimode 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 300μm GaAs
lasers, as depicted in Fig. 6.7, agree well with experimental 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 [58]. On the other hand, experimental observations 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



58 6 Dynamic Longitudinal Mode Spectral Behavior

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].

6.5.1 An Approximate Analytic Solution of α0

∑
i

1
1+ci2

= 1

The above relation arose earlier in Sect. 6.5 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 of optical power in the dominant mode
α0(t). A simple analytic solution expressing c(t) as a function of α0(t) was
needed to further proceed with the analysis. This section provides such a
solution. Using the relation

∑
i

1
1 + ci2

=
π√
c
coth

π√
c

(6.21)

one arrives at a transcendental equation of the form

α0x cothx = 1, where x =
π√
c

(6.22)

and
0 < α0 < 1. (6.23)

Consider the asymptotic behaviors as α0 → 0 and α0 → 1. One expects, from
physical considerations, that the spectral envelope must be very wide if α0 is
very small, and therefore c→ 0 and x� 1, which justifies the approximation
cothx = 1, leading to

x =
1
α0

, α0 → 0. (6.24)

On the other hand, as α0 → 1, almost all the power is contained in the
dominant mode and consequently the spectral envelope width should be very
small: c→∞ and x→ 0. In this case one can expand cothx as

cothx =
1
x
+

x

3
+ · · · (6.25)

resulting in
x2 = 3(1− α0), α0 → 1. (6.26)

Thus, asymptotically

x2 =

{
(1/α0)2 α0 → 0,
3(1− α0) α0 → 1.

(6.27)

In principle, it is possible to construct a solution for x2, to an arbitrary degree
of accuracy, with a rational function of α0 which satisfies the asymptotic
conditions (6.27). The simplest of such rational function is
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x2 =
(1 + 2α0)(1− α0)

α2
0

. (6.28)

This solution, though simple, is remarkably accurate over range 0 < α0 < 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 π/

√
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 will be per-
formed. It is clear from the above analysis that under very high frequency
continuous microwave modulation 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
α0 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 repre-
sented by

S(t) = S0 + S1 cosωt. (6.29)

Assuming that α0 is constant in time, taking a time average (defined as 〈〉 =
(1/T )

∫ T
0
dt where T = period of modulation) on both sides of (6.5) to give
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αi
∑
j

(gi − gj)αj − αi
∑
j

βj

〈
1

S(t)

〉
+ βi

〈
1

S(t)

〉
= 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, where

1
S′

0

=
〈

1
S(t)

〉
= (S2

0 − S2
1)

−1/2. (6.31)

The optical modulation depth η, previously defined as the ratio of the ampli-
tude to the peak of the optical modulated waveform, is

η =
2S1

S0 + S1
. (6.32)

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

S′
0 = S0

2
√
1− η

2− η
. (6.33)

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

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

0/S0 vs. η. The results show
that high-frequency modulation has little effect on the lasing spectrum unless
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Fig. 6.9. A plot of S′
0/S0 vs. η. S

′
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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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 clipping occurs the quantity 〈1/S(t)〉 becomes very large and
consequently S′

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 spec-
tral purity of two lasers under the same optical modulation depth is not always
fair-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 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 broad-
ened 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 nondominating longitudinal modes
as the optical power is increased, and is usually observed only at high op-
tical 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 excitation of multiple longitudinal modes under tran-
sient switching (Sects. 6.3–6.6) 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 1.3μm, since the wavelength separation between
longitudinal modes are quite far apart for a typical laser diode. The effects are
not insubstantial particularly for high frequency signals, even at the fiber dis-
persion minimum of 1.3μm. It is obvious from the discussions in Sects. 6.3–6.7
that a “single-wavelength” laser which remains single-wavelength even under
transient switching or high frequency microwave modulation is essential for
the possibility of fiber transmission over any reasonable distances. The results
of Sects. 6.3–6.7 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 δg in (6.8). For applications in
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telecommunications this issue has been solved by employing a highly wave-
length selective structure, such as a grating, into the laser cavity, resulting in
what is known as a Distributed Feedback Laser (DFB). Whereas mode rejec-
tion ratios (ratio of power in dominant mode to that of the next highest one)
of ∼10–100 would have been considered excellent 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 selec-
tivity. 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 productions is
now a matter of routine from a number of vendors.

The issue which remains is that, while the lasing spectrum can be main-
tained to a single lasing mode under high speed modulation. It has been ob-
served that the lasing wavelength (frequency) of that lasing mode can “chirp”
under modulation. This phenomenon has its origin in the variation of refrac-
tive index of the semiconductor medium with electron density. It is obvious
from previous considerations of the laser rate equations (1.19), (1.20) that un-
der dynamic modulation situation the election density inside the laser medium
does fluctuate along with the photon density. In fact, a definitive relationship
between the time variations of the electron and photon density can be de-
rived [60], with the result given in (7.6) and (15.24), where Φ(t) is the fluc-
tuation 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 opti-
cal phase represents an (optical) frequency (∼dΦ(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 wavelength (frequency) chirp can be computed from (7.6)
accordingly. Armed with these results it is straight forward to compute the
output optical waveform from a fiber link, given the dispersion and attenua-
tion parameters of the fiber. These type 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 optical modulation depths up to ∼80%, beyond which
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the lasing spectrum breaks into multimode oscillation. The width of the enve-
lope of the multimode spectrum increases very rapidly with further increase
in modulation depth. These results are satisfactorily explained by a theo-
retical treatment which gives simple analytic results for the time evolution
of the individual longitudinal modes. It also yields considerable 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 spectrum 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 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 “wavelength 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 has been explained
before when the laser rate equations were discussed in Chap. 2. It can be de-
rived that [60] this effect produces a very profound result, that a definitive
relation (15.25) exists between E(t) and P (t) where the former is the (com-
plex ) electric field output from the laser diode and the latter is the power
output: P (t) = |E(t)|2. It is straight forward 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].
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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 (commonly known as “RIN,” Relative Intensity Noise, and noises
associated with the optical receiver. The latter, being relatively straight for-
ward for an analog transmission system, at least in principle, will be briefly
reviewed in Appendix B. This chapter is concerned with a quantitative eval-
uation of a scarcely discussed source of noise in subcarrier 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
multimode lasers), shot and thermal noise of the receiver, etc., as uncorrelated
additive quantities independent of the modulation signal. However, there are
sources of noise which become prominent only in the presence of a subcar-
rier modulation signal. This chapter describes experimental and theoretical
studies of this latter type of noise which 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 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 into a dispersive medium (fiber) as well as interferometrically
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converted phase-to-intensity noise in single mode lasers/fibers due to Rayleigh
backscattering are well known. Both types of noise increase with fiber length,
and so is the signal-induced noise which is created by these effects.

Historically, the development of high speed semiconductor lasers for micro-
wave/analog applications took place with almost exclusive emphasis on inten-
sity modulation 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 significant distances (<a few kilometers). As a result, 1.3μm fiber
at the dispersion minimum can be used in most of these applications thus ob-
viating the concern for deleterious effects due to spectral impurity of the laser.
To date, semiconductor lasers with the highest bandwidth has been demon-
strated in Fabry–Perot (FP) lasers [62, 63], although single-frequency lasers
also show exceptional performances [64]. The multimode 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
1.3μm. 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 consid-
ered 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 will be quantified later. It is therefore a
mistake to not consider low frequency noise in lasers for high frequency ap-
plications. 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 origi-
nates 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 modulator 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 appears in the spectral vicinity of the high
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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 arises from double back-reflections along the fiber which 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 general, this effect is
much less severe than that for FP lasers, provided proper optical connectors
and splices are employed. In the remaining of this chapter these effects are
described and parameters quantified.

7.2 Measurements

To illustrate the effects discussed above, Fig. 7.1 shows results for links con-
sisting of (a) a 1.3μm FP laser and (b) a 1.3μm DFB laser, directly modulated
at frequencies of 6.5 and 10GHz, and propagating through distances of 1, 6,
and 20 km of single-mode fiber. Both lasers are high-speed lasers resistively
matched to 50Ω input impedance, with a 3 dB modulation bandwidth well be-
yond 10GHz, as shown in Fig. 7.1a. The same high-speed p-i-n photoreceiver
with a 3 dB bandwidth of 12GHz is used for all of the measurements. The
optical emission spectra of the lasers are shown in Fig. 7.1b,c. The measure-
ments are done with an input RF drive level into the lasers of +10 dBm. As
a point of reference, the 1 dB compression level of the laser is +15 dBm. The
optical input into the photoreceiver are adjusted to give 1mA of dc photocur-
rent 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 ob-
served 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 dBHz−1 at the output of the laser,1 −132 dBHz−1 after propagat-
ing through 6 km, and −115 dBHz−1 after 20 km. At higher frequencies, the
noise drops back to the receiver noise limit of about −145 dBHz−1. In con-
trast, for the DFB laser the noise spectrum is at the receiver noise limit at
1 This number is receiver noise limited.
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of single-mode fibers, Angled Polished Connectors (APC) are used at all fiber in-
terfaces. (c) Result of a bad splice in the fiber link. Vertical scale in dBm, dc pho-
tocurrent is adjusted to 1mA in all cases. The RF output from the photodiode is
amplified by a 20 dB amplifier in these measurements

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 interferometric noise emerging above the
receiver noise level at low frequencies (Fig. 7.3b). This low level of interfero-
metric 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 illustrate in Fig. 7.3c. A situation clearly to
be avoided.

The kinds of low frequency noise described above are quite commonly
observed in typical fiber links. In the following, it will be illustrated how the
low frequency noise is transposed to the spectral vicinity of the modulation
subcarrier upon application of a high frequency direct modulation to the laser.
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Fig. 7.4. RF noise spectra of photodiode output under an applied modulation signal
at +10 dBm at 6.5GHz. (a), (c), (e): FP laser, (b), (d), (f): DFB laser. Three cases
are shown for each laser: transmission through 1 km (a) amd (b), 6 km (c) amd
(d), and 20 km (e) amd (f) of single-mode fibers. The dc photocurrent is adjusted
to be 1mA in all measurements except (e), which is at 0.43mA. Vertical scale in
dBm. The RF output from the photodiode is amplified by a 20 dB amplifier in 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 in order to establish
a base line calibration for the background noise level of the measurement system

Figure 7.4 shows the result of applying a 6.5GHz 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
Fig. 7.4a–c were obtained with the RF drive to the laser disconnected, i.e.,
without noise transposition, in order to establish the background link noise
level (dominated by intrinsic laser RIN). These plots illustrate that the low
frequency noise and its transposition is 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
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Fig. 7.5. Similar to Fig. 7.4 but at a modulation frequency of 10GHz

noted, are done with 1mA of photocurrent from the receiver). One should
contrast the above results with those obtained with the DFB laser, Fig. 7.4d–
f. 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 10GHz, as shown in Fig. 7.5a–f, note the even more
striking difference between the FP laser (Fig. 7.5a–c) and the DFB laser
(Fig. 7.5d–f). It is worthwhile to note that for a DFB laser, only a very slight
degradation is observed even at 10GHz and at 20 km, while the FP laser is all
but unfunctional at these frequencies and distances. Note also from Figs. 7.4b
and 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, be-
tween 10–20 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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7.3 Analysis and Comparison with Measurements

Two principal sources of signal-induced noise which 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 fre-
quency lasers

Both mode-partition noise and interferometric noise, which are essentially
low frequency noises, are already well known and have been studied exten-
sively [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 subcar-
rier applied directly to the laser diode. The quantitative dependence of these
transposed noises on signal frequency, amplitude and propagation length will
be 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 which call for short lengths of legacy multimode fibers be
used as patch chords to complete the connection. Issues related to noise be-
havior in multimode fibers should therefore be understood. This is the subject
of this section. The well known deleterious effect in multimode fiber transmis-
sion is mode partition noise which is a result of competition between longi-
tudinal modes in a multimode laser. The general properties of this noise are
well known [67]. The modal noise characteristics 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 (anticipating that
mode-partition noise does not extend to high frequencies), then one may ne-
glect dynamic relaxation of the electron reservoir and obtain simpler results
as in [72]. This 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 follow: (see Sect. 7.4)

RIN× S2 = 2Rsp(S1|A(ω)|2 + S2|(1− keiωdL)B(ω)|2), (7.1)
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where S = S1+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

A(ω) =
iω + 1/τR

(iω)2 + iωγ1 + ω2
r

, (7.2a)

B(ω) =
iω + 1/τR

(iω)2 + iωγ2 + δω2
r

, (7.2b)

where expressions for the corner frequencies ωr, δωr, the damping constants
γ1, γ2 and the effective lifetime τr can be found in the Sect. 7.4. As for the
significance of these parameters, suffices to say that ωr/2π is the relaxation
oscillation frequency in the direct modulation response of the laser, which
is typically in the gigahertz range for high speed lasers, γ1 is the damping
constant for the direct modulation response which is approximately equal to
ωr/2 for a critically damped response typical of high speed lasers, while δωr/2π
is much smaller than ωr/2π – typically below 1GHz. The factor B(ω), which
has a much lower corner frequency and a much higher dc value than A(ω),
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(iωdL) �= 0, which occurs if
(a) the coupling of the two modes into the fiber (or the loss of the two modes)
are not equal (k �= 1), and (b) dispersion becomes significant (ωdL� 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 fre-
quency for a highspeed laser with a 3 dB modulation bandwidth of 20GHz,
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Fig. 7.6. Calculated mode-partition noise for a two-mode laser with 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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before and after propagation through 10 km of single-mode optical fiber (SMF)
with a dispersion of 15 ps km−1 between the two laser modes. The mode re-
jection 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 nonuniformity of fiber dispersion as a function of wave-
length. Figure 7.7 plots the maximum noise enhancement due to fiber disper-
sion, 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 generally not achievable
on a routine basis, particularly at 1.3μm, 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 gen-
erated by mode-partition is transposed to the spectral vicinity of the signal
through intrinsic intermodulation effects in the laser diode [68]. This transpo-
sition depends on, among other things, the modulation signal frequency, and
is described by a “noise transposition factor” |T (ω)|2, 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 (ω) =
1
2
(iω + Γ1)(iω + Γ2)
(iω)2 + iωγ1 + ω2

r

, (7.3)
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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

where Γ1 = γ1− 1/τR, Γ2 = ω2
r τp+1/τR, τp 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(ω) as the measured RIN near the spectral vicinity of an
applied modulation signal at frequency ω, at∼100% optical modulation depth.
This 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(ω) = RIN(ω) + |T (ω)|2 × RIN(ω = ωmax), (7.4)

where ωmax 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(ω) vs. frequency, for different fiber lengths. For conve-
nience in comparison, also included in figure are previous cases for L = 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 (Fig.7.10).
It can be seen that the practical RIN in the spectral vicinity of the high fre-
quency 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 experimental results shown in Fig. 7.5b,c with
that of Fig. 7.2. Included in Fig. 7.9 are data extracted from Figs. 7.4 and 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
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frequency, for different fiber transmission lengths. Data points are extracted from
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Fig. 7.10. A direct comparison of RIN without modulation and RIN with modula-
tion for FP lasers, for 10 km transmission

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 nonsym-
metric cross gain compression between different longitudinal modes [73]. On
the other hand, it is also possible that the enhanced noise is simply a large
signal effect of mode competition: in principle, the damping effect of gain sat-
uration, 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
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situations [74] prevents instant compensation of power fluctuations between
longitudinal modes, hence an enhanced noise at low frequencies. This is some-
times referred to as “mode-competition noise” or “mode-hopping noise,” 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(ω) 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 dou-
ble 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 autocorrelation of the optical field spectrum
transposed down to DC. The spectral width of this noise is therefore approx-
imately that of the laser linewidth, in the tens of megahertz range, whereas
the intensity is proportional to the power reflectivity p of the reflectors re-
sponsible for the interferometric 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 reduction 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 modulation 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) = P0 (1 + β cosωt) , (7.5)

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

φ =
α

2

(
d
dt
(lnP (t)) + γ1P (t)/P0

)
, (7.6)
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where α is the linewidth enhancement factor, γ1 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, γ1 ∼ ωr/2 where ωr is the relaxation oscillation frequency.
Integrating (7.6) and neglecting higher harmonics in φ, one obtains

φ(t) =
αα

2

√
1 + (γ1/ω)2 cos(ωt+ ψ0), (7.7)

where ψ0 = arctan(Γ1/ω). The electric field from the laser is E(t) =
√

P (t)
Eiφ(t).

Assume the laser field is twice reflected from a pair of reflectors with power
reflectivity ρ separated by a distance τν where ν 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]

(iN (t)iN (t+ δτ)) ≡ pN (t, δτ) (7.8)

= 2P 2P 2
0 ·

√
P (t)P (t− τ)P (t+ δτ)P (t+ δτ − τ)R (δτ)

×
[
cos 4α sin

(ωτ
2

)
sin

(
ωδτ

2

)
cos

(
ωt− ωτ

2
+

ωδτ

2

)]
,

where R is the responsivity of the photodetector which is assumed to be 1
from now on, α′ = α/2

√
1 + (γ1/ω)2, and R (δτ) is the autocorrelation of the

laser field spectrum which constitutes the interferometric noise. After time-
averaging,

RN (δτ) = 2ρP 2
0 R(δτ)

·
(
1 +

α2

2
cosωτ +

α2

2
(1 + cosωτ) cosωδτ + · · ·

)

×J0

(
4α′α sin

ωτ

2
sin

ωδτ

2

)
. (7.9)

Expanding the Bessel function J0 in Fourier series,

RN (δτ) = 2ρP 2
0 R (δτ)[Ξ1 +Ξ2 cos(ωδτ) + (. . . ) cos(2ωδτ) + · · · ], (7.10)

where

Ξ1 =
(
1− α2 sin2

(ωτ
2

))
J2

0

(
2α′α sin

(ωτ
2

))
+
α2

2
cos2

(ωτ
2

)
J2

1

(
2α′α sin

(ωτ
2

))
,

Ξ2 = 2
(
1− α2 sin2

(ωτ
2

))
J2

1

(
2α′α sin

(ωτ
2

))
+
α2

2
cos2

(ωτ
2

)
J2

0

(
α′α sin

(ωτ
2

))
. (7.11)
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The term involving Ξ1 is the remnant of the low frequency interferometric
noise, while that involving Ξ2 is the transposed interferometric noise center
at the signal frequency ω.

The factor Ξ1(< 1) is periodic in ωτ , and was previously called the “noise
suppression factor” [75, 76], in reference to the benefiting effect of interfer-
ometric 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 Ξ1 over ωτε[0, 2π] [75].

The factor Ξ2 is referred here as the “noise transposition factor” for inter-
ferometric noise, and is also periodic in ωτ as in Ξ1. Without going through the
complication of accounting for the statistics of Rayleigh backscattering [76],
approximate results can be obtained by simply averaging Ξ2 over ωτε[0, 2π].
This averaged noise transposition factor Ξ̄2 is plotted in Fig. 7.11 as a func-
tion of optical modulation depth β, at various modulation frequency ω. In the
limit of β → 1, the lower value of Ξ̄2 at low frequencies is a result of a higher
effective phase modulation index (α′).

To obtain the effective RIN under modulation (RINmod) like those shown
in Fig. 7.9, assume that the Fourier transform of R(δt), which is the interfer-
ometric noise, is a Lorentzian with linewidth Δ. The power spectral density

1.000

0.5

0.4

0.3

0.2

Ξ

0.1

0.0

f = 0.5 GHz
1 GHz

20 GHz
10 GHz
5 GHz

OPTICAL MODULATION DEPTH (a)

0.010 0.032 0.100 0.320

Fig. 7.11. Signal-induced noise transposition factor, Ξ, as a function of modu-
lation frequency and optical modulation depth of the signal, for interferometric
phase→ intensity noise in DFB laser links
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at DC is 1/Δ. The RIN of the transposed noise at the modulation signal
frequency is therefore, from (7.10),

RINmod = p
Ξ(ω, β = 1)

Δ
+RIN(ω) + F.T.(R(δτ)), (7.12)

where RIN(ω) 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 ρ and the fiber length:

ρ2 +W 2

[
L

2γ
+

1
4α2

(
1− e−2γL

)]
, (7.13)

where γ is the attenuation of the fiber per unit length, W is the “Rayleigh
reflection coefficient per unit length,” a constant that depends on fiber char-
acteristics 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, assuming Δ = 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 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 (compare Figs. 7.5f and 7.3b), which is the
value given by Ξ̄2 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.
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Fig. 7.12. Signal-induced RIN, RINmod, in DFB lasers, as a function of modulation
frequency, for different fiber transmission lengths. Data points are extracted from
measurements in Figs. 7.4 and 7.5. The cases where the applied modulation is turned
off, and for 0 km transmission, are overlaid almost directly on top of the solid circles
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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 stan-
dard 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 ith longitudinal mode. The multimode
rate equations are [65]:

dN
dt

=
J

ed
− N

τs
− ν

∑
i

gi(N)Si + FN (t), (7.14a)

dSi
dt

= νΓgi(N)Si − Si
τp
+Rsp + FSi

(t), (7.14b)

where N is the carrier density, Γ is the optical confinement factor, J is the
pump current density, d the thickness of the active region, τs is the recombi-
nation lifetime (radiative and non-radiative) of the carriers, τp is the photon
lifetime, gi(N) is the optical gain of the ith mode as a function of the carrier
density, expressed in cm−1, ν is the group velocity, Rsp is the spontaneous
emission rate into each mode, and e the electronic charge. FN (t) and FSi

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

gi(N) = g′i0(N −N0)(1− νεSi), (7.15)

where ε is the gain compression parameter, N0 is the transparency electron
density, and g′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 approximate) form in an approach similar to that
used in [73]:

s1(ω) = Fs1(ω)A(ω)− Fs2(ω)B(ω), (7.16a)

s2(ω) = Fs2(ω)B(ω), (7.16b)

where s1(ω), s2(ω) are Fourier transforms of the small signal modal fluctua-
tions, A(ω) and B(ω) are given by (7.2), with the following parameters:
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γ1,2 =
Rsp

S1,2
+
1
τR
+ νεS1,2, (7.16c)

ω2
r ∼ g′1S1/τp, (7.16d)

δω2
r =

[
Rsp

S2
+ νεS2

]
1
τR

, (7.16e)

τR is the effective carrier lifetime (stimulated and spontaneous), Fs1(ω),
Fs2(ω) are Fourier transforms of the Langevin noise driving the respective
modes, with the following correlation relations [79]:

〈Fsi
(ω)F ∗

sj
(ω)〉 = 2RspSiδij . (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(ω) = s1(ω) + s2(ω)eiωdL, (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 + S2)2 = 〈s(ω)s∗(ω)〉, (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 modulated multi-mode (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 inter-
ferometric 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 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 narrow
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band transmission at high frequencies through moderate lengths of fiber, FP
lasers are unacceptable not just from consideration of transmission bandwidth
limitation due to fiber dispersion, but 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 6GHz signal over only
1 km of single-mode fiber. However, with DFB lasers, there is no degradation
of the S/N performance for transmission at 10GHz even up to 20 km.
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Direct Modulation of Semiconductor Lasers
Beyond Relaxation Oscillation
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Illustration of Resonant Modulation

Former chapters in Part I of this book discussed present understanding of di-
rect modulation properties of laser diodes with particular emphasis on modu-
lation 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 (primarily baseband) information can be transmitted by in-
tensity 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 technique 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 informa-
tion 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 modulation frequency applied to the laser diode. The modulation fre-
quency 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 7.2GHz [80]. Another example involved cou-
pling the laser diode to an external fiber cavity [81] which produced optical
modulation up to 10GHz. Chapter 4 describes experimental work which ex-
tended the small-signal −3 dB direct modulation bandwidth of a solitary laser
diode to ∼12GHz 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 will be 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
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solitary laser at this frequency range is substantially lower than that in the
baseband range (i.e., at frequencies < relaxation resonance) and consequently
high power RF drivers are necessary to attain a sufficient optical modulation
depth for communications purpose. It was found that a 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 interpreted 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 300μm, with an active
region dimension of 2μm×0.2μm. 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 maximum 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 10mW 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,
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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], c©1985
AIP. Reprinted with permission)
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is 10.3GHz. The response drops to −10 dB at ∼13.5GHz and to −20 dB at
18GHz. The fall-off in the modulation response is due to a combination of
the intrinsic laser response and effects due to parasitic elements. A detailed
examination of the modulation response characteristic, shows that in a 1GHz
band, centered at 16GHz. 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 external fiber cavity) in Fig. 8.1 shows that at 16GHz, the response is
approximately 13 dB below the baseband value. (The small peak in the mod-
ulation response at around 16GHz is probably due to electrical reflection
arising from imperfect impedance matching of the laser.) It was found that
this loss in modulation efficiency can be partially compensated for by cou-
pling 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 (6.3mm) of standard graded
index multimode fiber of 50-μm 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 1.5GHz, 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 1.5GHz.

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 is oper-
ating 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 characteristics of the optical pulses
cannot be resolved by the photodiode, whose output appears to be sinusoidal
since only the fundamental frequency (17.5GHz) 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 output under
two microwave drive power levels, at +4 dBm and at +14 dBm. The first trace
(at +4 dBm drive) is sinusoidal in shape, implying that the optical waveform
is also sinusoidal, and that the optical modulation depth is less than unity.



90 8 Illustration of Resonant Modulation
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Fig. 8.2. Autocorrelation of the optical output of the window BH on SI laser cou-
pled to an external fiber cavity under (a) 4-dBm microwave drive and (b) 14-dBm
microwave drive at 17.5GHz. (From [83], c©1985 AIP. Reprinted with permission)

The latter case (b) clearly indicates the pulse-like behavior of the optical out-
put, 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 17.5GHz. The spectrum of the laser consists of a large number (∼7)
of longitudinal modes of the laser diode since there is no frequency selective
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element (such as an etalon) in the external cavity. The width of the individ-
ual 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 noise and therefore pulse to pulse coherence is very poor
or non-existent. In the latter 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 autocorrelation traces of Fig. 8.2a,b show that pulse
to pulse coherence is quite poor in the output of these very high rate actively
mode-locked lasers. This is most likely due to:

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

2. 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 (12–20GHz). The modulation efficiency can be increased con-
siderably 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 repeti-
tion rate of up to 17.5GHz, producing pulses ∼12 ps long. Short optical pulse
trains at very high repetition rates has been suggested for use as an optical
frequency comb standard for locking the wavelengths of laser transmitters
in a Dense Wavelength Division Multiplexed system. Furthermore, the above
mode-locking experiment points to a possible means of modulation of an op-
tical carrier by narrow-band microwave signals beyond the limit imposed by
the classic relaxation oscillation limit. It will be shown in Chap. 9 that this
concept can be extended to mm-wave frequencies.

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

Most millimeter wave systems (�70GHz) operate in a relatively narrow band-
width albeit at frequencies much above the presently attainable direct mod-
ulation bandwidth of laser diodes. In this chapter, it is shown that through
the use of active mode locking technique [87] efficient direct optical modu-
lation of semiconductor lasers at frequencies up to and beyond 100GHz is
fundamentally possible. In the present literature the term “mode-locking” is
synonymous with short-pulse generation, in which many longitudinal modes
are locked in phase. Here it is used in a more liberal sense to encompass ef-
fects resulting from modulation of a laser parameter at the inter-longitudinal
modal spacing frequency, which is identical to the “round-trip frequency” de-
fined 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 20GHz. 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 Ω:

N = n0 + 2n cosΩt. (9.1)

In anticipation of only a small number of participating modes at high fre-
quency mode-locking. Three modes are included in the analysis with ampli-
tudes A0 and A±1. The mode-coupling equations are [94,95]

A0

(
− 1
2τp

+
n0G

2

)
= −nGξ

2
(A1 +A−1), (9.2)
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locking similar to that in (a). (From [88], c©1988 AIP. Reprinted with permission)

A1

[(
iδ − 1

2τp

)
(1 + b2) + n0Gξ

2

]
= −nGξ

2 A0, (9.3)

A−1 = A∗
1, (9.4)

where G is the optical gain constant, τp is the photon lifetime, b2 is the
gain difference between the central mode 0 and the neighboring ±1 modes,
δ = Ω −Δω, where Δω is the frequency spacing between modes, and

ξ =
∫

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. As is well
known in analysis of conventional mode-locking analysis [94,95]. If the electron
density modulation is distributed evenly in the cavity, orthogonality between
different longitudinal modes leads to ξ → 0 and no mode locking occurs. In
fact, a general criterion for obtaining short optical pulses in mode locking is
that the spatial distribution 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 femtosecond mode-locked dye lasers. In the situation
under consideration here, where sinusoidal optical modulation at the round-
trip frequency is the intended outcome, so that the active modulating section
should not extend beyond approximately half of the cavity length. Under
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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 + x2b2 + x

[
4(1 + b2)2δ2τ2

p − 2
(

ξn

nth

)2
]
+ 4(1 + b2)2δ2τ2

pb
2 = 0,

(9.5)

where

x = n0/nth − (1− b2), nth = 1/Gτp. (9.6)

The mode amplitudes are given by

A1 = A∗
−1 =

−A0ξn/nth

2iδτp + x
. (9.7)

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

S = A2
0 + |A1|2 + |A−1|2 +A0(A1 +A∗

−1)e
iΩt + c.c.

≡ S0 + seiΩt + c.c. . (9.8)

9.1 Active Mode-Locking

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

Ṅ =
J

ed
− N

τs
−GP0(1 + p cosΩt)N, (9.9)

where J = J0+j1 exp (iΩt) is the pump current density, τs, is the spontaneous
lifetime, and P0 = ε0S0/2�ω is the photon density. In the limit of zero detuning
(δ = 0), the optical modulation depth p can be obtained from (9.5)–(9.8):

p =
2|s|
S0

= 2ξ
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 =
(Δω/ωL)2, where ωL is the width of the gain spectrum. A small-signal analysis
of (9.9) with (9.10) gives the optical modulation response as a function of Δω:

p(Δω) =
Gτpj1/ed

GP0 + (Δω2/2ξω2
L)(iΔω + 1/τs)

(9.11)
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The corner frequency of this function occurs at (2ξGP0ω
2
L). Using a typical

value of ωL = 2, 500GHz (which corresponds to a value of b2 = 2× 10−3 for a
standard 300μm cavity), assuming ξ = 1/3, and GP0 is the inverse stimulated
lifetime = 1/(0.5 ns), the corner frequency for p(Δω) is 94GHz. The underly-
ing 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 semi-
conductor 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, re-
sulting 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 substan-
tially 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 =
ξ(n/nth)A0

(1− 2iδτp)(1 + b2)− 1 =
ξ(n/nth)A0

b2 − 2iτpδ . (9.12)

The overall modulation response is shown in Fig. 9.2. The low-frequency por-
tion is the usual direct modulation response of injection lasers. When mod-
ulated exactly at the cavity round-trip frequency Δω, the optical response
depends on the value of Δω as given by (9.11), represented by the dotted
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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], c©1988
AIP. Reprinted with permission)
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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 100GHz 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, externally 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 nGξ, equals the net gain modulation:

nGξ

(
=

n

nthτp

)
= ngGgfg − naGafa, (9.13)

where ng and na are the gain and absorber population modulation ampli-
tudes governed by rate equations similar to (9.9), Gg/a are the differential
gain/absorption constants, and fg/a are geometric weighing factors. In the ab-
sence of externally applied modulation, the gain/absorption population mod-
ulation amplitudes are proportional to the optical modulation via

ng =
−Ggng0

iΩ + 1/τg +GgS0
s,

na =
−Gana0

iΩ + 1/τa +GaS0
s, (9.14)

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

p =

√√√√2

[
1−

(
Ω2

2ψr(Ω)ω2
L

)2
]
, (9.15)

where ψr(Ω) is the real part of the net gain modulation response [right-hand
side of (9.13) normalized by s].
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Figure 9.3 shows a plot of the optical modulation depth p as a function of
passive mode-locking frequency Ω. At low frequencies, the optical modulation
depth equals

√
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 frequen-
cies until the cutoff point. A detailed analysis 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 = 5/3 is f � 40GHz, whereas for
Ga/Gg = 5/1 it can extend to �160GHz, while for Ga/Gg < 1 mode lock-
ing is not possible, a well-known conclusion from the standard 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 250μm 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 apparatus, which yields the time domain autocorrela-
tion of the optical field output from the laser. If the optical field (intensity)
output were of well-isolated periodic optical pulses, the SHG trace should
look likewise. The width of optical pulses can be inferred from the width of
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the pulses in the SHG trace. On the other hand if the 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 250μm long laser cavity. This is a strong evidence of pas-
sive mode-locking as discussed in Sect. 9.2 above. However, the SHG trace as
reported does not has the characteristic of distinct pulses, but rather that of
a sinusoidal oscillation. This is evidence 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 350GHz.
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Performance of Resonant Modulation
in the mm-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/
out-door mm-wave mobile/point-to-point wireless networks are of consid-
erable 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 optical transmitters. Optical transmission of a single
narrowband (50Mb s−1) channel at 45GHz was demonstrated using reso-
nant modulation of an inexpensive, conventional 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, narrow-
band (<1GHz) mm-wave subcarrier optical transmitters for frequencies
approaching 100GHz. 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 41GHz op-
erating at 2.5Mb s−1 BPSK are transmitted over 400m 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 dig-
ital 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
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Fig. 10.1. Setup to measure the modulation response at 41GHz, perform two-
tone measurements, and characterize the digital performance of the transmitter
(a multi-contact but otherwise conventional laser diode). (From [105], c©1995 IEEE.
Reprinted with permission)

of ∼900μm and emitting at 850 nm. First, the small-signal modulation re-
sponse 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 −15 dB at 41.15GHz as measured.
Modulation response around 41GHz 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 modu-
lation 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
oscillators operating at 41GHz and separated by ∼1MHz 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 400m of
single-mode fiber where it is detected, amplified, downconverted to IF and ob-
served on a spectrum analyzer. 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 mod-
ulation 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 due to the increased, resonantly
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enhanced noise. For homogeneous bias, the distortion level is lower (for the
same drive power), but the corresponding high level of noise leads to a low dy-
namic range (58 dB-Hz−2/3). The insets show the measured intermodulation
products for each bias condition at an electrical drive power per channel of
−6 dBm. No difference was observed when the dynamic range measurements
were repeated for the same bias conditions in the absence of the 400m 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 a modulation efficiency of ∼0 dB (relative to dc), a passband bandwidth
of ∼200MHz, and emitting an optical power of ∼2mW. Two channels each
transmitting pseudorandom (29 − 1) return-to-zero data at 2.5Mb s−1 are
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upconverted to 41GHz using a Q-band waveguide mixer and power combined
to modulate the laser. The signals are transmitted over 400m 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 locking 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
performance of mm-wave optical transmitters based on resonant modulation
of monolithic semiconductor lasers, and have established their feasibility as
narrowband optical transmitters in fiber links serving remote antennae in in-
door mm-wave wireless microcells. A two-tone dynamic range of 66 dB-Hz−2/3
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was obtained at a cavity round-trip frequency of 41GHz and was limited by
the high level of noise. Optical transmission over 400m of fiber of two simul-
taneous 2.5Mb s−1 channels centered 41GHz and operating at <5 dBm RF
drive power per channel at a BER of 10−9 was also demonstrated.
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Resonant Modulation of Single-Contact Lasers

Chapters 9 and 10 above describe in detail the concept and performances of
narrow-band subcarrier modulation of a laser diode at mm-wave frequencies
based on the concept 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 sys-
tems [107] and wireless personal communication networks [101]. Due to the
fact that efficient longitudinal mode-coupling requires inhomogeneous mod-
ulation of the laser cavity in the longitudinal spatial 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 in-
tricate, the increased complexity is undesirable – considering the fact that it
does require a non-standard fabrication process; rendering them unsuitable
for seamless 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 dBmm−1 at 40GHz) of
the signal along the laser stripe [108]. In this chapter, it is demonstrated that
the confinement of high frequency modulation current resulting from the high
signal attenuation along the length of the laser stripe can be utilized to achieve
resonant modulation at 40GHz of a standard single contact monolithic semi-
conductor 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 (longitudinally spatial) par-
tial modulation of the laser cavity. The experimentally measured modulated
light output and the small signal response of the laser device at two different
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 ∼40GHz) of
−20 dB (relative to that at baseband) can be observed. Also, using a sim-
ple distributed circuit model of the laser in conjunction with conventional
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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 4μm wide, and the ground
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plane contacts are located 80μm on both sides of the laser stripe. Although
the device geometry is not perfectly coplanar, the 6μm difference in height
between the ridge and ground plane is small enough that a coplanar (ground–
signal–ground) 40GHz bandwidth probe can be used to inject signals into the
device. For a cleaved length of ∼1,000μm, the laser has a threshold current
of 37mA. In the first set of experiments, the optical output of the laser under
millimeter-wave modulation was observed with a streak camera. The RF mod-
ulation was provided by a quadrupled 10.1GHz synthesizer output, resulting
in a 40.4GHz signal driving the coplanar millimeter-wave probe. The streak
camera was operated in synchroscan mode, and triggered with a phase locked
100MHz output from the synthesizer. Figure 11.2 shows the optical modu-
lation 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 40.4GHz. 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
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optical signal was detected with a high-speed photodiode followed by a down
converting mixer driven at 39.0GHz. 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 quarter 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 ∼160MHz. These measurements
are comparable to previous results obtained with split-contact lasers under ho-
mogeneous 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 possi-
ble only under the condition of non-uniform current injection into the laser
at the “round-trip frequency.”

The modulation position dependence of the observed mode coupling is fur-
ther 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 normalized injection current into the laser is shown as a function of
position along the device away from the feed point at 40 and 90GHz. Notice
that the amplitude of the injected current decreases rapidly with position,
and drops to insignificant levels beyond 200μm away from the feed point.
For a round-trip frequency of 40GHz, the laser is typically 1,000μm long,
resulting in a fractional cavity modulation of ∼20%. The modulation effi-
ciency is addressed using a conventional mode-locking analysis along with the
current distribution obtained from the distributed circuit model above. The
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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 90GHz. The inset shows the distributed
circuit model [108] used to calculate the current. (From [109], c©1995 AIP. Reprinted
with permission)
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self-consistent solution for active mode locking [110] shows that the optical
modulation (p) is expressed as

p = 2ξ
(

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 ξ is the overlap integral between adjacent longitudinal modes and
the spatial variation 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 the cavity modes are given by solution
to the one-dimensional Helmholtz equation, ξ can be expressed as

ξ =
1
L

∫ L

0

I(z) cos
πz

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 trans-
mission line is Z = Z0 coth(γl) where, Z0 is the characteristic impedance of the
stripline, γ 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 function of position along the laser stripe for a “round-trip
frequency” of 40GHz. The maximum value of 0.06 is approximately a factor
of 5 smaller than the maximum achievable value of ξ obtained when exactly
one half of the cavity is uniformly modulated. For comparison, if one considers
that the actual injection current profile being a delta function of amplitude
1/γ (i.e., no spreading of the modulation current), then (11.2) reduces to
ξ = (1/γL) cos πz/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 ξ is pro-
portional to (γL)−1. Hence, the value of ξ can be optimized by designing the
transmission line for a particular value of γ. Note that the optimum probe
position is approximately at L/8 away from the laser facet. In fact, the con-
clusion that ∼L/8 is the optimum feed point remains true over the entire
millimeter-wave range (30–100GHz). The maximum value of ξ also remains
approximately constant over this range. This is understood by realizing that
although the signal propagation is reduced at higher frequencies, the resonant
device length is shorter, resulting in a comparable fractional cavity modula-
tion. These results show that modulation of single contact monolithic semi-
conductor lasers is possible over the entire millimeter-wave frequency range
up to 100GHz.
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The above results demonstrate the efficient modulation of a single con-
tact monolithic semiconductor laser at the “round-trip frequency” of 40GHz.
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 efficiency provides definitive evidence that mode-locking ex-
ists 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 the-
ory. The optimum feed-point and mode-coupling factor over the millimeter-
wave frequency range are found to be ∼L/8 and (γL)−1, respectively. These
results are a very important step toward the realization of practical millimeter-
wave optical transmitters based on direct modulation of monolithic semicon-
ductor lasers.
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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 band-
width 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 stabilization 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 metropolitan 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 cov-
erage 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 trans-
mitted 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 ser-
vices will have many digital 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 sub-
carrier 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 multichannel 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.
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Fig. 12.1. 1,550 nm m-wave fiber system model. (From [117], c©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 commer-
cially and in the laboratory (for more discussions, see Appendix C);

2. Chirping is minimal for these optical transmitter sources, the transmit-
ter 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 exter-
nal 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 typical line widths [119]. The modulator is modeled as
linearized over the mm-wave band of interest (e.g., 27.5–28.5GHz). External
modulators have been demonstrated in this frequency range [120]. There are
various methods for modulator linearization [121]. The electrical input to the
optical modulator is the sum of 18 millimeter-wave channels.

The optical fiber is modeled as a unity amplitude, linear group delay
filter. Standard single-mode fiber is used with a dispersion parameter of
18 ps km−1 nm−1 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 be-
cause the single subcarrier is transmitted through the fiber as optical side-
bands 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 = cos2
(
πDλ2Lf2

c

)
(12.1)
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where D is the dispersion parameter, L is the fiber length, and f is the
frequency of the modulating signal. For f = 28GHz, λ = 1, 550 nm, and
D = 18ps km−1 nm−1, the maxima occur at multiples of L = 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 mul-
tiple 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 as-
sumed 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. Sec-
ond, the chromatic dispersion causes intermodulation distortion between the
channels.

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

Channel 10, the center channel at 28.0GHz 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 = 53.09 km for Fig. 12.2c corresponds to the sixth maxima of (12.1)
at 28.0GHz. 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 ad-
jacent channel power to the intermodulation distortion power at 28.0GHz.
The adjacent channel power was the lower of Channel 9 (27.9453GHz) and
Channel 11 (28.05468GHz). 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 for-
mats such as QPSK and 16-QAM.

A more realistic case is when the carrier phases are uncorrelated. The inter-
ference level and adjacent channel power of 10 simulation runs with random
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Fig. 12.2. Calculated output spectra after different fiber lengths of fiber with car-
riers in phase: (a) 0 km, (b) 51.4 km, CIR = 25.5 dB, (c) 53.1 km, CIR = 41.5 dB,
and (d) 54.6 km, CIR = 26.7 dB. [Vertical axis: Normalized power (dB), Horizontal
axis: Frequency (GHz)]. (From [117], c©1996 IEEE. Reprinted with permission)

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 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 indi-
cates how far the received channels are from the ideal situation of equal am-
plitude 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 11 operational 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 at 1,550 nm and an erbium-doped
fiber amplifier (EDFA) gain of 10 dB, two EDFA’s are needed for 80-km trans-
mission at 28GHz and a received power of 0 dBm. Assuming a noise figure of
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Fig. 12.3. CIR (dB) versus fiber length (km) for the case of carriers in phase.
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10 dB per amplifier, 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]. Consider 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
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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],
c©1996 IEEE. Reprinted with permission)

away from the transmitter can be served with this system. With a 10-dB gain,
a 10-dB noise figure, and a +10-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 trans-
mission of multichannel signals at millimeter-wave frequencies have been sim-
ulated 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
implications on the system architecture. Now a single central office or head-
end location can use up to an 88-km 28-GHz distribution tree or ring with
optical amplifiers to distribute broadband QPSK and QAM information at
millimeter-waves to an extensive service area. Fiber chromatic dispersion di-
vides 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].

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 signifi-
cantly extend the distribution range and coverage area of a single transmitter.
However, recent work has shown that fiber chromatic dispersion, especially at
1,550nm, 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
sidebands are created on the optical carrier. Owing to fiber chromatic dis-
persion, these sidebands experience relative phase shifts which depend on the
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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 sim180◦, 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 prob-
lem is eliminated. Now dispersion only adds a phase shift with no amplitude
change. At mm-wave frequencies of 25–60GHz, the optical sidebands are sepa-
rated by 0.2–0.5 nm from the optical carrier at 1,550nm. 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 grating sideband filtering effectively produces single-sideband
optical modulation at mm-wave frequencies. Note that the filter requirements
are relaxed as the modulation 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) 1,556.5 nm DFB laser with additional optical isola-
tion was modulated with a 50GHz Mach–Zehnder LiNbO3 intensity modula-
tor [120], as shown in Fig. 12.6. The modulator was biased at the half-intensity
point resulting in 1mW of optical power at the modulator output. The mod-
ulator electrical drive signal was a swept frequency tone from an HP 40GHz
synthesized sweeper. The optical modulator output was sent through 51.1km
of standard non-dispersion shifted single-mode fiber (Corning SMF-28) and
detected using a Bookham, Inc. 40GHz high-speed photodetector.

Figure 12.7 shows the optical spectrum with and without the optical filter
with a modulator electrical drive frequency of 40GHz. The optical modulation
depth was ∼8%. The 40GHz 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 40GHz.
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

DFB intensity
modulator

frequency
sweeper

OSA

detector

F B G         51km   SMF

Fig. 12.6. Experimental millimeter-wave setup. (From [129], c©1997 IEE. Reprinted
with permission)
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frequencies due to fiber dispersion, according to (12.1). However, with the op-
tical filter, the nulls are eliminated over the entire frequency range. Note that
when one sideband is filtered, half of the 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 measurements 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. Stan-
dard 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 frequency was lowered to 25GHz so that the power nulls given by
(12.1) were separated by a large enough fiber distance to be resolved by the
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2.5 km fiber length resolution. The measurements are shown in Fig. 12.9. The
theoretical curve according to (12.1) is also shown. A value of 18 ps km−1 nm−1

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 signal 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 transmission. 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.
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Transmission Demonstrations

13.1 1,550 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 ac-
cess 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 be-
tween 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 in-
stalled for telecom/metropolitan networks can be utilized through leasing of
dark fibers. Metropolitan networks consist mostly of single mode fibers at
the dispersion minimum of 1.3μm, while telecom networks consist mostly of
single mode fiber at the loss-minimum wavelength of 1.55μm. The low fiber
loss and availability of optical amplifiers at 1.55μm allow a central office
location to extend its coverage over a much larger service area than using
1,300 nm metropolitan fibers alone. However, fiber chromatic dispersion has
a significant effect at 1.55μm and has been studied in [113–117,130]. In [117],
multichannel transmission in the local multipoint distribution service (LMDS)
band at 28GHz using an external optical modulator was simulated. Despite
the dispersion-induced mm-wave signal degradations, 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 hetero-
dyne techniques and optical amplification [127, 131]. This chapter describes
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Fig. 13.1. Experimental setup for signal and distortion measurements. (From [126],
c©1997 IEEE. Reprinted with permission)

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 28GHz over long lengths
of fiber without optical amplification.

Other than direction modulation of (resonantly-enhanced) laser diodes, an
alternative 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 multi-
channel mm-wave transmission: (1) an amplitude variation versus frequency
and distance and (2) intermodulation distortion between channels. The exper-
imental setup for multichannel mm-wave transmission is shown in Fig. 13.1.
The broad-band mm-wave transmitter consists of commercially available com-
ponents – a packaged Ortel DFB laser with a wavelength of 1,543 nm with
additional fiber isolation was modulated using a 30GHz Sumitomo Cement
LiNbO3 external optical intensity modulator (EOM) with a half-wave voltage
of Vπ = 4.7V. The EOM was biased at the half-intensity point and was not
linearized. The optical power out of the EOM was about 0.7mW.

A total of five mm-wave channels could be used to drive the EOM. The
channel spacing was chosen to be 20MHz. Four of the channels were un-
modulated carriers from frequency synthesizers at 1,960, 1,980, 2,020, and
2,040MHz which were power combined, upconverted, amplified and filtered
to provide four mm-wave carriers at 27.96, 27.98, 28.02, and 28.04GHz. 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 5Mbaud QPSK digitally modulated and raised-cosine filtered carrier at
2,000MHz that was upconverted to 28.00GHz, the center channel. An optical
modulation depth (OMD) of 24% per channel was chosen to give an rms OMD
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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 min-
imum attenuation at 1,550 nm and minimum disperion 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 dBkm−1 and the dispersion parameter is about 17 ps km−1 nm−1.

At the receiver end, the detector was a 40-GHz Bookham, Inc. high-speed
photodiode with a responsivity of 0.1A/W at 28GHz. A Hewlett-Packard low
noise mm-wave amplifiers provided 35 dB of gain at 28GHz with a 4-dB noise
figure. Signal 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 50GHz 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 28.5GHz. 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 intensity modulation of the single-mode
laser with a single mm-wave subcarrier creates upper and lower sidebands on

Fig. 13.2. Detected signal power vs. 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],
c©1997 IEEE. Reprinted with permission)
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the optical carrier. Fiber chromatic dispersion causes a relative phase shift
between these sidebands which causes a detected signal power variation pro-
portional 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 28.13GHz.
However, adding lengths of fiber shifts the notch out of the frequency band
as shown by the 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 28.04GHz. 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 28GHz. The CIR was 45 dB at a fiber distance
of 0 km due to nonlinearities 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
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Fig. 13.3. Received signal spectrum at fiber distances of 54.5 km (CIR = 38 dB),
56.6 km (CIR = 45 dB), 74.6 km (CIR = 38 dB), and d) 76.7 km (CIR = 43 dB).
(From [126], c©1997 IEEE. Reprinted with permission)
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of CIR = 38 dB. However, at 56.6 km a CIR = 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 = 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 (0.1A/W), P is the optical power (18μW), kT0 is thermal noise
(−204 dBW/Hz), NF is the amplifier noise figure (4 dB), and B is the re-
ceiver bandwidth (about 7MHz). The insertion loss from the modulator drive
to the detector output is 87 dB, giving an equivalent input noise (EIN) of
−87 dBm/Hz.

With a receiver optimized for the 28-GHz band, or with optical amplifica-
tion, the thermal noise can be overcome. If for example a resonant detector
with a higher responsivity of 0.85A/W [133] was used, the sensitivity should
be improved by 9.3 dB. Lower noise amplifiers will also improve the receiver
sensitivity. Assuming 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 = 16 dB for 10−9 symbol error
probability, and a CIR = 30 dB gives a CNR penalty of less than 0.2 dB [124].

To demonstrate data transmission, a 10Mb/s 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 7MHz. This car-
rier was upconverted to the center channel at 28GHz. At this frequency, the
intermodulation distortion due to the random phase interfering channels at
27.96, 27.98, 28.02, and 28.04GHz was largest. The received mm-wave spec-
trum at 76.7 km is shown in Fig. 13.4.
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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], c©1997
IEEE. Reprinted with permission)
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Fig. 13.5. BER of the QPSK channel vs. received optical power at 76.7 km of fiber.
(From [126], c©1997 IEEE. Reprinted with permission)

The detected modulated carrier was downconverted and demodulated at
the receiver. At the received optical power of 18mW 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
multichannel mm-wave signals. It is shown that even at fiber distances of up
to 77 km the intermodulation distortion is low enough for acceptable trans-
mission of multiple digitally modulated mm-wave carriers. To our knowledge,
this is the first demonstration of multichannel mm-wave transmission over
long fiber distances. A QPSK modulated carrier at 28.00GHz was success-
fully 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 optimized for mm-wave
frequencies can be used to overcome this limit. No electrical linearization was
needed on the mm-wave external optical modulator. The significant impact
of these results on the mm-wave fiber wireless system architecture is that a
28-GHz optical fiber link can be used to distribute broad-band QPSK infor-
mation at mm-waves from a headend location to remote hub antenna sites up
to at least 77 km away for broadcast services.

13.2 39GHz 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
headend services up to 300,000 users. Five to fifteen fiber links connect to
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Fig. 13.6. Broadband systems. (From [112], c©1996 IEE. Reprinted with permis-
sion)

distribution hubs which service 20,000 users. Each distribution hub uses 10–40
fiber links to 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 (up-
per). 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–2GHz). Given that the remote antenna in Fig. 13.6 (lower) trans-
mits 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 a mm-wave optical
transmitter to transmit the mm-wave information over the fiber to each base
station:

1. 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.
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2. 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 re-
motely monitor its transmission frequencies, which is especially important
for compliance with the FCC.

3. Stabilization of mm-wave signals: because there are many base stations,
having a 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. There-
fore, 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 frequencies 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 demon-
strate transmission of multichannel digitally compressed MPEG-2 video over
a 39GHz mm-wave fiber-wireless link as shown in Fig. 13.7. The MPEG-2 en-
coder bits are raised cosine filtered and mapped into one of up to 1,620MHz-
wide QPSK channels which occupy the 500MHz of bandwidth from 300
to 800MHz. The laser was a commercially available Ipitek FiberTrunk-900
1,310 nm linearized DFB laser transmitter with a CATV bandwidth of 50–
900MHz which was wide enough for the 500MHz bandwidth of the input
channels. It had optical isolation, temperature cooling and bias control.

The high-speed 50GHz EOM was a Mach–Zehnder LiNbO3 optical am-
plitude modulator [120] biased at the half-intensity point. The electro-optical
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Fig. 13.7. Millimeter-wave fiber-wireless digital video system. (From [112], c©1996
IEE. Reprinted with permission)

upconverter signal bandwidth was limited only by the laser modulation band-
width which was ∼900MHz.

The 300–800MHz frequency band of QPSK channels were used to inten-
sity modulate the CATV laser. The EOM was driven at 39.5GHz with the
HP 83650A Synthesized Sweep Signal Generator. As described in [137], the
channels are upconverted to 39GHz. The EOM modulation depth was ∼0.7.

To demonstrate fiber distribution of the mm-wave signals, 6 km of single-
mode 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 39GHz band-
pass filter, a high-power mm-wave amplifier, and an antenna. The 500MHz
wide spectrum of channels centered at 39GHz was amplified to 5 dBm and
transmitted through an antenna.

The received and amplified spectrum around 39GHz 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 antennas are used. High gain antennas are used for example in
point-to-point wireless links.

At the receiver, the 39GHz signal was downconverted back to the IF fre-
quencies of 300–800MHz using a 39.5GHz 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.
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Horizontal scale: 38.62 - 39.13GHz, 100MHz/division
Vertical scale = 5dB/division, RBW = 1.0MHz, VBW = 3.0kHz

Fig. 13.8. Received spectrum at 39GHz. (From [112], c©1996 IEE. Reprinted with
permission)

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 up-
converter 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 equiva-
lent 1 km wireless point-to-point link.
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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 infrastruc-
ture 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 microcel-
lular 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 sta-
tion where all multiplexing/demultiplexing and signal processing 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 net-
works practical. The required dynamic range of the analog optical transmitter
is a major factor in cost. Previous analysis [138] on dynamic range require-
ments assumed an absolute spur-free condition for each FDM channel, and
resulted in a link dynamic range requirement of >100 dB (1Hz). This chap-
ter 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 initia-
tion/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 considerations, 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 multiple fiber-fed antennae per cell – now designated a “microcell,” and
employing an appropriate network protocol, the required dynamic range of
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Fig. 14.1. Fiber-fed distributed antenna wireless network using analog (a.k.a. lin-
ear) links (fiber or otherwise)

the links can be further reduced to a modest 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 speci-
fication over-estimates the required link performance since it corresponds to
the rare, unfortunate situation when two high power mobile emitters are as-
signed 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 sys-
tem 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 standard 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 re-
ceived power including local fading effects of the signal. It is also assumed
that the users are only allowed to within 5m of each antenna site (as in
the case of an indoor cell where antennae are mounted above the drop ceil-
ing), which leads to a maximum RF power variation of ∼70 dB for a 300-m
microcell. Although the effects of shadowing are not included in our model,
existing mobile handsets typically have some limited power control capability
which can compensate for shadowed environments. 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
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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 (1Hz)

(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 = γ

⎛
⎝ ∑

2ωi−ωj

P 2
i Pj +

∑
ωi+ωj−ωk

4PiPjPk

⎞
⎠ (14.1)

where the summations are over all combinations of ωi, ωj , and ωk 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 = 300m) is considered with only
one fiber-fed antenna covering the cell. Figure 14.3 shows the average block-
ing probability 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
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Fig. 14.3. Percentage of blocked calls as a function of transmitter dynamic range
for a single fiber-fed 300-m-radius microcell for 5, 10, and 20 voice channels

number of intermodulation products. For 20 channels, the criterion is met for
a modest link dynamic range of 91 dB. Next, the scenario of multiple antennas
within an 1,800m2 cell is considered. When using these multiple antennas, the
base station must decide how to assign users to a particular antenna. For ex-
ample, referring to Fig. 14.2, channel 1 has a higher C/I at antenna A while
channel 2 has a higher C/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. This C/I protocol is more difficult to implement than the max-
imum 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 antennas 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 antennas, 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 antennas in the cell. In order to take advantage of the spatial diver-
sity 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 antennas and to 73 dB for the 9 antenna case. With
this protocol implemented, 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 antennas that is not saturated. In this case, the network
performance is very poor only for the rare, unfortunate situation when all of
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Fig. 14.5. Measured two-tone dynamic range of a self-pulsating CD laser at
900MHz. The inset (10 dB/div) shows the two tones centered at 900MHz and the
induced intermodulation products

the distributed antennas in the cell are saturated by close-in users. Even fur-
ther 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
determined from the above analysis, Fig. 14.5 shows the experimentally mea-
sured two-tone dynamic range of an inexpensive Sharp compact disk (CD)
laser. Operating at an optical power of 6.9mW without an optical isolator,
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the dynamic range at 900MHz is 92.7 dB. The inset shows the two tones
centered at 900MHz and the induced intermodulation products. This mea-
surement may have significant implication in the use of very low cost optical
transmitters in the fiber-fed microcellular networks discussed above.

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
antennas, and implementing 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.
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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 semiconduc-
tor 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 multi-
ple reflections occur between a pair of fiber interfaces (Fig. 15.1). Even in the
absence of such fiber discontinuities, 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 straight forward to extend the formalism to the
case of modal noise in multimode fibers. The nature of interferometric 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 propos-
als and early demonstrations that by applying a high frequency modulation
to the laser, the coherence of the laser can be reduced, leading to a reduc-
tion of the type of interferometric noise mentioned above. However, except
in the extreme case of a very deep modulation (where the laser output is al-
most 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 will
show that the answer is positive, provided that proper choices of modulation
format and parameters are employed.
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Fig. 15.1. Fiber-optic system exhibiting multiple reflections between a pair of fiber
interfaces

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. 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, dou-
ble reflection between a pair of retro-reflecting 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) =
√

P (t)ejΩ0t+φ(t) (15.1)

where P (t) is the (externally) modulated optical power from the laser, Ω0 is
the optical carrier frequency and φ(t) is the laser phase noise. In the situation
where there is a pair of retro-reflective 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) = ψ1E(t− t1) + ψ2E(t− t2) (15.2)

where ψ1 and ψ2 are the relative field intensities, and t1 and t2 are delays.
Without loss of generality, one can assume that ψ1 = 1, ψ2 = ψ � 1, t1 = 0,
and t2 = τ .

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

P (t) = P0d(t) (15.3)

where P0 is the average output laser power (assume a lossless external mod-
ulator) and d(t) represents band limited data. Intrinsic laser intensity noise
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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) =
√

P0d(t)ejΩ0tejφ(t) + ψ
√

P0d(t− τ)ejΩ0(t−τ)+jφ(t−τ) (15.4)

Then, the optical intensity at the output of the fiber is

i(t) = |Eout(t)|2 + ψ2|E(t− τ)|2 + 2ψ�{E(t)e∗(t− τ)} (15.5)

where �{...} 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) = P0[d(t) + ψ2d(t− τ)] ≈ P0d(t) (15.6)

where it was assumed ψ � 1 and

iN (t) = 2ψP0

√
d(t)d(t− τ) cos[Ω0τ + φ(t)− φ(t− τ)] (15.7)

The laser phase noise φ(t) is modeled to follow Gaussian probability density
function and φ(t) and φ(t− τ) are correlated in such a way that [145]

〈
(φ(t)− φ(t− τ))2

〉
=
|τ |
τc

(15.8)

where τc is the laser coherence time, and 〈〉 denotes statistical averaging. In
this case, (15.8) corresponds to a Lorentzian lineshape of the spectral distri-
bution. 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(δt) = E{iS(z, t)iS(z, t+ δτ)}
= (1 + ψ2)P 2

0 Rd(δτ) (15.9)
RN (δt) = E{iN (z, t)iN (z, t+ δτ)}

= 2ψ2P 2
0 Rdd(δτ)[R−(δτ) +R+(δτ) cos(Ω0τ)] (15.10)

where Rd(δτ) is the autocorrelation function of d(t), and

Rdd(δτ) = E
{√

d(t)d(t+ δτ)d(t− τ)d(t+ δτ − τ)
}

(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(δτ) one needs to specify the data statistics. However, for the purpose
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here the explicit knowledge of Rdd(δτ) is not needed, one only needs to spec-
ify 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).

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 R+ and R− are given by

R−(δτ) = 〈cos[φ(t)− φ(t+ τ)− φ(t+ δτ) + φ(t+ δτ + τ)]〉 (15.12)
R+(δτ) = 〈cos[φ(t)− φ(t+ τ) + φ(t+ δτ)− φ(t+ δτ + τ)]〉 (15.13)

and have been previously calculated [145, 146]. The variations of the term
R+(δτ) cos(Ω0τ) 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 involving R+(δτ). For this reason the term including
R+(δτ) will be neglected. R−(δτ) is given by [145]

R−(δτ) = exp
[
− 1
2τc

(2|τ | − |τ − δτ | − |τ + δτ |+ 2|δτ |)
]

(15.14)

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

Then, the noise autocorrelation function becomes

RN (δτ) = 2ψ2P0Rdd(δτ)R−(δτ) (15.15)

Its power spectral density is given by

SN (f) = 2ψ2P0Sdd(f) ∗ S−(f) (15.16)

where the “S(f)’s” are the Fourier Transforms of the “R(δτ)’s”, and where ∗
denotes convolution.

The power spectral densities are schematically illustrated in Fig. 15.2. 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 illus-
trates 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. 15.3b which is similar to Fig. 15.3a but with an
external phase modulator placed at the output of the laser. The modulator
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Fig. 15.2. Schematic illustrations of power spectral density functions Sdd(f), S−(f),
and SN (f). It is assumed that the modulation data is band-limited, and therefore
so is Sdd(f)
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Fig. 15.3. High frequency modulation formats: (a) no superimposed high frequency
phase modulation; (b) superimposed external phase modulation; (c) directly super-
imposed high frequency modulation (SIM)

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(t)P0ejΩ0tejφ(t)eja cos(ω0t) (15.17)

where a is the phase modulation index and f0 = ω0/2π is the RF modulation
frequency. Following a similar procedure as in the last section, the output
signal intensity is

iS(z, t) = 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) = 2ψ�{E(t)e∗(t− τ)} (15.19)

= 2ψP0

√
d(t)d(t− τ) cos

[
Ω0τ +Δφ(t, τ) +A sin

(
ω0t− ω0τ

2

)]
where

A = −2a sin
(ω0τ

2

)
(15.20)

and Δφ(t, τ) = φ(t)−φ(t−τ). The noise power spectral density is the Fourier
transform of the noise autocorrelation function RN (t, δτ). In this case it will
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be necessary to perform both time and statistical averaging to properly model
the nonstationary conditions [153].

The autocorrelation function of the noise term iN (z, t) is given by

RN (t, δτ) = 〈iN (z, t)iN (z, t+ δτ)〉
= 2ψ2P 2

0 Rdd(δτ)R−(δτ)

· cos
[
2A sin

(
ω0δτ

2

)
cos

(
ω0t− ω0τ

2
+

ω0δτ

2

)]
(15.21)

In deriving (15.21) the R+(δτ) term is neglected as before. Also, there is
a cross term E{iS(t + δτ)iN (t)} which can be shown to be proportional to
cos(Ω0τ). Using the same arguments as before this term can be neglected.
Then, the desired expression for RN1(δτ), which is obtained by time averag-
ing of RN (t, δτ) can be written in the following form using Bessel functions
expansion:

RN1(δτ) = RN (t, δτ) (15.22)

= 2ψ2P 2
0 Rdd(δτ)R−(δτ)

[
J2

0 (A) + 2
∞∑
n=1

J2
n(A) cos(nω0δτ)

]

The noise power spectral density is

SN1(f) = J2
0 (A)SN (f) +

{ ∞∑
n=1

J2
n(A)[SN (f − nf0) + S(f + 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 = 0 – (15.23) simply reduces to that
of the intrinsic interferometric noise – SN (f). With phase modulation, the
noise is distributed and transposed to multiples of the superimposed phase

ff f0 f02f0 2f0 f

SN(f) SM(f) SN1(f)

J1
2(x)

J0
2(x)

J2
2(x)

J2
2(x)SN(f)

* =

Fig. 15.4. Distribution of the noise power among the different harmonics. Notice
how the noise power is transferred from baseband to the higher frequencies where
it can be easily filtered
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Fig. 15.5. Noise reduction factor vs. f0τ for external phase modulation. The phase
modulation index a is parameter. The NRF is periodic with period 1

modulation frequency, with “transposition factors” equal to Jn where Jn is
the n-th 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 vs
normalized modulation frequency f0τ of the superimposed phase. It is obvious
that NRF is a periodic function of f0τ 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 (τ = const.× z).

It is seen from Fig. 15.5 that for very strong phase modulation, the in-
terferometric noise can by-and-large be eliminated except for the unfortunate
situation when f0τ = k, where k is integer. This is somewhat undesirable since
a transmitter 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
will be shown 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/τ .

15.2.2 Directly Modulated Laser Diode

The effectiveness of a superimposed high frequency phase modulation in reduc-
ing interferometrically generated noise has been shown in the above section.
However, the arrangement shown on Fig. 15.3b where both external phase and
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intensity modulators 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. 15.3c. Note that the data and the high frequency
signal are first mixed (multiplied) together before being applied to modulat-
ing the laser current. In this section, it will be 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]

φ̇m =
α

2π
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) =
P0

I0(a)
ea cos(ω0t) (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 fre-
quency and the modulation amplitude [154]. The phase modulation is given
by (15.24) and (15.25) which is, assuming a = 2π, φm(t) = a cos(ω0t). The
field at the laser output is

E(t) =
√

P (t)eja cos(ω0t) (15.26)

where P (t) = 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 ap-
plied at a much higher frequency than the former and the phase modulation
frequency is to first order proportional to the modulation frequency, as evi-
dent 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(t)Pm(t) + ψ2d(t− τ)Pm(t− τ) ≈ d(t)Pm(t) (15.27)

iN (z, t) = 2ψ
√

d(t)d(t− τ)
√

Pm(t)Pm(t− τ)

· cos
[
Ω0τ +Δφ(t, τ) +A sin

(
ω0t− ω0τ

2

)]
(15.28)

The autocorrelation function of the signal is

RS(δτ) = Rd(δτ)Pm(t)Pm(t+ δτ) (15.29)
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It can be shown, after some algebra, that the autocorrelation of the noise is

〈iN (z, t)iN (z, t+ δτ)〉 = 2ψ2Rdd(δτ)

×
√

Pm(t)Pm(t− τ)Pm(t+ δτ)Pm(t+ δτ − τ)

×R−(δτ)

× cos
[
2A sin

(
ω0δτ

2

)
cos

(
ω0t− ω0t

2
+

ω0δτ

2

)]
(15.30)

The term involving R+(δτ) was neglected as before. If the discussion is limited
only to the small signal case, one can write:√

Pm(t)Pm(t− τ)Pm(t+ δτ)Pm(t+ δτ − τ)

=
P 2

0

I2
0 (a)

[
I0(B) + I1(B) cos

(
ω0t− ω0τ

2
+

ω0δτ

2

)]
(15.31)

where B = 2a cos(ω0τ
2 ) cos(ω0δτ

2 ). After time averaging, one can get for the
autocorrelation function:

RN2(δτ) = 〈iN (z, t)iN (z, t+ δτ)〉
= 2

(ψP0)2

Rdd(δτ)R−(δτ)I0(B)
J0

[
2A sin

(
ω0δτ

2

)]
(15.32)

This function is periodic, with period T = 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(δτ) = 2
(ψP0)2

I2
0 (a)

Rdd(δτ)R−(δτ)

×
[
I2
0

(
a cos

(ω0τ

2

))
J2

0

(
2a sin

(ω0τ

2

))
+2I2

1

(
a cos

(ω0τ

2

))
J2

1

(
2a sin

(ω0τ

2

)) ]
(15.33)

Figure 15.6 shows plot of the NRF vs. normalized frequency f0τ . 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 situations when the modulation frequency and the round trip
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Fig. 15.6. Noise reduction factor vs. f0τ for directly modulated LD. a is parameter.
The results are very close to those on Fig. 15.5

delay is related by f0τ = k, where k is integer. To achieve suppression of
interferometric noise under all situations independent of τ , one can consider
broadening the single tone modulation into a noise band, centered at an ar-
bitrary high frequency. This noise can be generated, for example, by ordinary
diode.

To analyze the situation, consider the ideal case where phase modulator is
applied externally to the laser output (Fig. 15.3b). Let the modulation applied
to the phase modulator of Fig. 15.3b be bandpass noise n(t) cos(ω0t). The
electric field at the input of the fiber is

E(t) =
√

d(t)P0ejΩ0tejφ(t)ejan(t) cos(ω0t) (15.34)

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

RN3(δτ) = 2(ψP0)2Rdd(δτ)R−(δτ) exp{−a2[2Rn(0)− 2Rn(δτ) cos(ω0δτ)]}
× exp{−a2[−2Rn(τ) cos(ω0τ) +Rn(τ + δτ) cos(ω0(τ + δτ))

+Rn(τ − δτ) cos(ω0(τ − δτ))]} (15.35)

where RN (δτ) cos(ω0δτ) 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 τ is much larger than the width of the autocorrelation
function Rn(δτ), one can simplify the calculation of the noise reduction factor
in (15.35). The assumption is valid if, for example, τ ≥ 50 ns and at the same
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time the bandwidth of the noise is in the order of 100MHz. This is applicable
in a system with length of at least 10m. In this case, in (15.35) all terms
involving τ can be neglected since Rn(δτ) is very small for large τ and one
can get

RN3(δτ) ≈ 2(ψP0)2Rdd(δτ)R−(δτ) exp{−2a2[Rn(0)−Rn(δτ) cos(ω0δτ)]}
(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 equivalent bandwidth. On Fig. 15.7 the noise reduction factor
vs. τ is shown. It can be observed that the NRF decreases as the bandwidth
of the modulating noise is increased. For large values of τ , the NRF becomes
independent of the bandwidth.

The noise reduction factor vs. a is shown on Fig. 15.8. Note that the spec-
tral shape of the band-pass noise is insignificant for the overall interferometric
noise reduction. Thus, for large τ , 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 multiple reflections. With a noise bandwidth of several hundred
megahertz, centered for example at 1GHz, interferometric noises resulting
from reflections from interfaces longer than 1m can be practically eliminated
(Fig. 15.7).
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Fig. 15.7. Noise reduction factor vs. τ for external phase modulation with Gaussian
noise of various bandwidth B. The phase modulation index is a2 = 4 and f0 = 1GHz
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Fig. 15.8. Noise reduction factor with Gaussian noise superimposed modulation for
two different power spectral densities (flat and Lorentzian), vs. a, for large τ and
Rn(0) = 1

15.3 Multimode Fiber: Modal Noise

In the previous sections the noise reduction characteristics for the case of dou-
ble reflection in a singlemode fiber was derived. The result can be extended to
multimode fibers which exhibit modal noise. Extensive analysis of the modal
noise phenomenon and the steps to take to prevent it was done 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 be-
tween fiber modes. Second, any source wavelength change will produce changes
in the relative mode delays. One should not consider long term changes due to
wavelength drift of the laser, but instead consider short term wavelength fluc-
tuations, arising from the finite linewidth of the laser. Here one can assume
that the modal noise is caused exclusively by the laser wavelength fluctua-
tions, although the extension to both wavelength fluctuations and mechanical
distortions can be easily incorporated.

Let the electric field at distance z be

Eout(t) =
M∑
i=1

ψiE(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 concerned [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 vs. f0z (z is the fiber length) for direct phase mod-
ulation 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. 15.3c. Then, the autocorrelation function becomes (for
direct modulation of LD with a single laser mode):

RN0 =
2P 2

0

I2
0 (a)

R−(δτ)
M∑
i=1

′
M∑
j=1

′(ψiψj)2

×
[
I2
0

(
a cos

(ω0τij
2

))
J2

0

(
2a sin

(ω0τij
2

))
+2I2

1

(
a cos

(ω0τij
2

))
J2

1

(
2a sin

(ω0τij
2

)) ]
(15.38)

where τij = ti − tj is the relative mode delay between fiber modes and the
prime denotes that the summation excludes the cases when i = j.

Figure 15.9 shows simulation results using (15.38) for the NRF due to di-
rectly superimposed modulation. One can notice that the increased number
of fiber modes removed the periodicity that was observed in the case of dou-
ble reflections in a singlemode fiber (Fig. 15.5). After the initial decay, NRF
remains almost constant and independent of the frequency of the superim-
posed 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 suppres-
sion of interferometric noise by a superimposed high frequency modulation.
The fundamental mechanism for this reduction process is the redistribution
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of noise energy to high frequencies due to a superimposed phase modulation,
as illustrated by the simple, but idealistic case of Fig. 15.3b. The more prac-
tical 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 τ 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 natu-
rally for a self-pulsating laser diode [158]. Although the self-pulsating mech-
anism 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 is 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.

On the contrary 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 combined 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 in-building fiber infrastructure are of the
vintage multimode type, subjected to performance degradations from modal
noise effects.
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mm-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 gi-
gahertz 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 rel-
atively narrow band (∼a few gigahertz), although the carrier frequency may
vary over a wide range (as in frequency hopping schemes). Recent work in
high-frequency, narrow-band modulation include direct modulation, specifi-
cally 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 10’s to even
100’s GHz range for common laser diode structures [88, 159]. Another possi-
ble approach is traveling wave external modulators (Appendix C). While the
former has the potential of driving down component cost by utilizing existing
mass manufacturing infrastructure serving the telecom industry. An inherent
drawback 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 modulation 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 avail-
able component, and which is needed at the receiving end of any fiber link for
transmission of mm-wave subcarrier signals regardless of how the transmit-
ter is implemented). The scheme is based on the (electrically) tunable beat
note generated by photomixing of two single 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 desirability of employing rugged
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and inexpensive laser diodes, or even the less rugged and more expensive
diode-pumped YAG lasers for this purpose invariably results in instability of
the beat note due to the intrinsic phase noise of the lasers, as well as extrinsic
factors, remains to be an issue. In any event, the beat note so generated is
only a relatively noisy RF-carrier (modulated on an optical beam) that must
be encoded with the signal one intends to transmit. An 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
100MHz [160]. The technique described in this chapter starts with a stan-
dard (noisy) laser beat note generated by photomixing two commercial DFB
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. The electric field of laser 1 and 2 are
expressed as

E1,2 = A1,2ei[ω1,2t+φ1,2(t)] (16.1)

where A is the field amplitude, ω the optical frequency, and φ the time de-
pendent phase fluctuations that arises from the finite linewidth of the lasers,
then the intensity propagating on the fibers after the coupler is

I = I0[1 + k cos(ωbt+Θ(t))] (16.2)

where k = 2A1A2/A
2
1 + A2

2 is the modulation depth of the beat note, ωb =
|ω1 − ω2| is the beat note frequency, and Θ is the beat note phase. One of
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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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the outputs from the coupler is detected by a standard high-speed photode-
tector 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 ωin. The laser frequencies are adjusted so that the ωb,
is close to, but not exactly equal to ωin. The down converted signal is filtered,
amplified and sent to drive an optical modulator, which modulates the light
from the other coupler output. The modulator 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 =
I0
2
{1 + k cos[ωbt+Θ(t)]−m cos[(ωin − ωb)t+Θ(t+ τ)]

−km

2
(cos[(2ωb − ωin)t+Θ(t+ τ) +Θ(t)])

+ cos[ωint+Θ(t)−Θ(t+ τ)])} (16.3)

where I0, is the optical intensity at the modulator input, m is the RF modu-
lation depth of the optical modulator, τ is the difference in time delay of the
two paths from the coupler to the modulator, and ωin is the angular frequency
of the input signal. The intensity spectrum of (16.3) has four components: the
low frequency down converted signal (ωb − ωin), the beat note (ωb), a mixer
product at 2ωb − ωin and a replica of the input signal (ωin). This last compo-
nent at ωin 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 ωb−ωin

component, 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 a FWHM linewidth of 1/πtb, which is approximately
equal to twice the optical linewidth of the lasers), the power spectrum is

S(ω) = 2πe
|τ|
tb δ(ω) +

2tb
ω2t2b + 1

×
{
1−

( |τ |
tb

sin(ω|τ |)
ω|τ | + cos(ω|τ |)

)
e

|τ|
tb

}
(16.4)

where ω is the frequency offset from ωin. 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 τ = 0 as shown in Fig. 16.2b.
Assuming τ � tb, the spectrum in the vicinity of the signal can be simplified to

S(ω) = 2πe
|τ|
tb δ(ω) +

|τ |
tb

(16.5)

The signal-to-noise ratio in a 1Hz bandwidth (S/N) is then simply given by
2πtb/|τ |2, which evaluates to 166 dB with tb = 160 ns (corresponding to an
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Fig. 16.2. Typical intensity spectra of the output signal showing the effect of varying
the time delay difference (τ) of the two paths between the directional coupler and
the optical modulator. The time delay difference, which is roughly 20 ns in (top)
is reduced to less than 1 ns in (bottom), leading to the elimination of the noise
pedestal, a higher signal power and a more dispersed component at 2ωb − ωin.
Note the horizontal frequency range can easily be shifted by over 10–100s of GHz by
electrical tuning of the emission wavelength (frequency) of the laser diodes, subjected
only to the availability of mm-wave mixer components, and photodiodes responsive
at those frequencies

optical linewidth of 1MHz which has been demonstrated for DFB semiconduc-
tor lasers [161]) and τ = 5ps (corresponding to roughly 1mm of propagation
length in a silica waveguide). It follows that in a well-designed system with
proper adjustment of τ , the noise pedestal should become insignificant com-
pared 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 ωb, the fringe of
which extends out to the signal frequency ωin. The S/N due to this noise
source is approximately
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S/N =
m2(ωin − ωb)2tb

8B
(16.6)

With m = 0.9, ωin−ωb

2π = 20GHz and tb = 160 ns as before, this evaluates to
144 dB (1Hz), again comparable to those of traditional fiber optic transmis-
sion 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 frequency). These latter noise sources are common to all
fiber optic links and will not be discussed further here.

For an experimental demonstration two 1.3μm DFB lasers were used with
thermoelectric coolers for temperature control and stabilization. Using a com-
bination of temperature and injection current tuning, the beat note could eas-
ily be tuned over the 45GHz range of the detection bandwidth 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 25MHz (corresponding to a coherence time of
13 ns) near line center, but had roughly 5 dB of extra noise more than 2GHz
away from the peak. The optical modulator had a bandwidth of 4GHz, 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 (1Hz) at ωin−ωb

2π = 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. Considering 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 = 0.9, ωin−ωb

2π = 2GHz and tb = 13ns.
A rudimentary demonstration of the high frequency capability of this mod-

ulation technique was carried out through transmission of a simulated radar
pulse train at a carrier frequency of 40GHz, as shown in Fig. 16.3. The repe-
tition rate of the radar pulse is 247 kHz and the duty cycle is approximately
25%. The S/N at 40GHz is thermal noise limited due to the large noise fig-
ure 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 com-
ponents, the S/N at these millimeter-wave frequencies should be close to that
shown before [>140 dB (1Hz)].

In principle, the modulation technique described above is capable of a
transmission 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 com-
ponents. This is illustrated in Fig. 16.4 which shows the one-sided normalized
frequency response with the beat frequency set to 36GHz. The response has
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a relatively flat region from 36 to 38GHz, 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 driving 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.

This section describes an innovative technique for band limited, tunable,
high frequency optical modulation in the mm-wave frequency range. Exper-
imentally, optical transmission at 40GHz has been demonstrated with good
fidelity for a useful bandwidth in excess of 1GHz and an S/N of 103.3 dB
(1Hz) at 8GHz away from the mm-wave carrier using standard 1.3μm DFB
lasers and a 4GHz external 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 opera-
tional mm-wave band is tuned electronically, with no adjustable moving parts.
Theoretically, it can be shown that with very stable DFB lasers (�1MHz line
width) and a high frequency (20GHz) external optical modulator (which is
commercially available), the signal-to-noise ratio can be improved to better
than 140 dB (1Hz). 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 opera-
tion, 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 com-
mercial and military [107, 110, 162–164]. Recently, direct modulation up to
30GHz has been demonstrated for quantum-well lasers [165]. The principles
and physics which govern 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 ≥35GHz [162, 163].
A new technique was introduced for mm-wave signal transmission using feed-
forward optical modulation. Its basic small-signal modulation and noise char-
acteristics was 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 300Mbit s−1

BPSK data at a carrier frequency of 39GHz over 2.2 km of singlemode fiber
is described. Furthermore, these results imply that gigabit-per-second data
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rates at subcarrier frequencies extending to 100GHz and beyond are possible
using currently available commercial components.

The experimental setup is shown in Fig. 16.5. The dotted enclosure repre-
sents 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 36.5GHz generated by photomixing two 1.3μm DFB
lasers is electrically mixed with the input mm-wave signal which centers at
39GHz and is binary-phaseshift-keyed (BPSK) modulated at 15–300Mbit s−1.
The resulting IF “error” signal at 39.0− 36.5 = 2.5GHz, is fed-forward to an
external optical modulator, 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 carried 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
150Mbit s−1. The BER against CNR is also shown in Fig. 16.6 (circles). The
CNR was obtained by measuring the baseband signal-to-noise ratio (SNR)
and using CNR = 2SNR for BPSK [166]. At BER = 10−9 an optical power
of -9.8 dBm and a CNR of −15 dB is required. To demonstrate transmission
at >150Mbit 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 300Mbit 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
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coupler to the external modulator (which creates a phase noise pedestal at
ωMM ), and the “spill-over” of the “tail” of the beat note (at ωB) into the
signal band at ωMM [164]. The relative importance of these noises, as com-
pared to conventional shot and thermal noise, can be quantified using the
following expression for the CNR:

C/N = [(C/N)−1
shot + (C/N)−1

thermal + (C/N)−1
delay mismatch + (C/N)−1

beat note]
−1

×
(

16qB
RP0k2m2

+
32kBTBF

R2P 2
0 k

2m2R0
+Δv|τ |2B +

2ΔvB

πm2f2
D

)−1

(16.7)
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Table 16.1. Summary of measured system parameters

Parameter Symbol Value

Received optical power P0 −9.8 dBm for
BER = 10−9

Modulation depth of beat note k ∼1
Modulation index of modulator m ∼1
Detector responsivity R 0.4A/W

Resistance R0 50Ω

Filter bandwidth B 300MHz

Noise figure F 13

Beat-note linewidth Δv 30MHz

Delay mismatch r <5 ps

Difference frequency fD = fMM − fB 2.5GHz

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/Δv|τ |2B 66 dB

C/Nbeat note πm2f2
D/2ΔvB 30 dB

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
optical power is relatively low. The error probability for BPSK is therefore
BERBPSK≈1/2erfc[(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 maxi-
mum carrier frequency in the feed-forward transmitter is therefore limited only
by the bandwidth of the photodetector (40GHz in our case). The data rate on
the other hand is limited by the electrical bandwidth of the external modula-
tor (4GHz in our case). Photodetectors with bandwidths in excess of 100GHz
have been demonstrated and external modulators with bandwidths ≥20GHz
are commercially available. Therefore, gigabit data rates at carrier frequen-
cies >100GHz are possible. As an example, for transmission of a 5Gbit s−1

signal centered at fMM = 100GHz one would use an external modulator with
a bandwidth of 10GHz. The beat note should then be adjusted such that
fB−fMM is 5GHz (to allow for lower and upper sidebands of the data signal).

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



Part IV

Appendices



A

Notes on RF Link Metrics

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

SFDR is a common parameter used to characterize the fidelity of an ana-
log (microwave) device or link. It is expressed in the rather unusual unit of
dBHz−2/3. It has been encountered before in Fig. 10.4, a more detailed expla-
nation 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 transmit-
ter and the RF output at the output of the optical receiver. For the sake of
simplicity assume two primary RF tones at frequencies ω1 and ω2 are present
at the input to the “device”. At the output of the “device” one nominally
observes the two primary RF tones at frequencies ω1 and ω2. These are desig-
nated as “signals” since they are the ones present at the input of the “device”,
and which one wishes to convey to the output of the same “device”, verba-
tim. 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 “sig-
nal” 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; “compres-
sion” 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 inter-
modulation distortions, as discussed in Chap. 3 previously. The power level of
second harmonic distortions increases as the 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 out-
put of the device, originating from either the input to the device or the device
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ulation products showing Spurious-Free Dynamic Range (SFDR)

itself. All distortion terms are undesirable, as well as noise. Second order dis-
tortions such as “CSO” as described in Appendix A.2 originate from existence
of a term in the transfer function of the “device”, which is the square of the
input. Likewise, third order distortions such as “CTB” arises from 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
(linearly 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 penetrates above the noise background
a maximum S/N ratio is achieved (see Fig. A.1). Further increase in input
signal power does not bring forth an improvement in S/N ratio, if one regards
distortions as a form of noise. A simple geometric examination of Fig. A.1
reveals that the 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
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where the second (third) order distortions penetrate above the background
noise (P2, P3 respectively in Fig. A.1). The quantity P3 − PS is also known
as the “Spur(spurious)-Free Dynamic Range” (SFDR – “3rd. order SFDR”,
to be exact.) The Second Order SFDR is defined similarly. Simple geometry
also lead to the conclusion that the quantity SFDR represents the maximum
S/N that can be achieved regardless of input RF power.

Every “dB” increase in detection bandwidth of the system results in a
corresponding “dB” increase in background noise floor – if one assumes 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 = P3 − PS of −2/3 dB. Therefore the
SFDR = P3 − PS varies as the −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 Multi-Channel 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 non-linearity in one of the elements comprising
the link, of which the laser contributes 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 result 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 composite (power summation) of third order IM distortion products origi-
nating from all possible combinations of three channels which lands on a given
frequency (channel). 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
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Fig. A.2. Frequency beats from a nonlinear device

terms are related to the device linearity. In the current RF CATV system,
RF trunk amplifiers and external amplifiers are the primary sources of distor-
tions. 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
frequency 2f1, 2f2, f1 + f2 and f1 − f2. The third-order distortions generate
at 3f1, 3f2, 2f1+f2, etc. For a multi-carrier system, some of the second-order
or third-order distortion may fall at the same frequency 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
= 10 log

(∑
i

∑
j

∑
k P

fi±fj±fk

P fm

)
where fi ± fj ± fk = fm (A.1)

Similarly, CSO at fm can be defined as

CTSOfm
= 10 log

(∑
i

∑
j P

fi±fj

P fm

)
where fi ± fj = fm (A.2)

Since the final judgment of picture quality is from the human eyes, the speci-
fications 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 specifications in the super trunk are CNR = 52dB, CSO = −65 dB,
CTB = −65 dB and XM = −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 service with CNR of 35 dB. In order 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 technology, the stringent requirement
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Table A.1. Television Allocation Study Organization (TASO) report of subjective
test results

TASO picture rating S/N Radio

1. Excellent (no perceptible snow) 45 dB

2. Fine (snow just perceptible) 35 dB

3. Passable (snow definitely perceptible but not objectionable) 29 dB

4. Marginal (snow somewhat objectional) 25 dB

at the transmitter site may be relaxed. Due to its stringent requirements, a
lightwave analog video distribution system has became a challenging area for
research. Since lightwave components are quite different from the RF counter-
parts, further investigations are needed to optimize the system performance.
Using an approach different from the present RF system design in the sys-
tem architecture may be the key factor to a successful lightwave distribution
system.

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

A.2.2 Composite Second Order Intermodulation (CSO) Distortion

While CTB’s 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 distortion (CSO) is a result of two, say fA, fB (can be identical) carriers
experiencing a second order non-linearity. 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 ther-
mal effects, or carrier leakage from the lasing region – the former 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
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transmitter products . Intrinsic nonlinear distortions related to relaxation os-
cillation resonance are frequency dependent, as explained in Chap. 3, and thus
are more difficult to mitigate by means of pre-distortion. These fundamental
laser modulation distortions can only be dealt with effectively by pushing the
relaxation 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.



B

Ultra-high Frequency Photodiodes
and Receivers

B.1 Ultra-high Speed PIN Photodiodes

With the recent advancement of gigabit fiber communication and the pho-
tonic distribution 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
absorption 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 depletion region transit time
and 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. Depletion region thickness is thus the design parameter con-
trolling transit time, and should be made inversely proportional to the desired
bandwidth.

Capacitance slows the device via an RC time constant where the resis-
tance is that of the device load impedance. The capacitance is proportional to
the active area and inversely proportional to depletion region thickness. For
high-speed operation, then, both the active area and depletion region thick-
ness should be minimized. A small active area, however, places demanding
requirements on the focusing optics for the detector, or the alignment accu-
racy between the fiber and the photodetector. A thin depletion region means
only a fraction of the incident photons will be absorbed. To optimize speed
while maintaining performance, designers generally make the active area and
depletion region thickness just small enough to satisfy the speed requirements;
transit time is typically made comparable to the RC time constant. Using this
simple approach, engineers have designed high-speed Schottky detectors that
can achieve bandwidths as high as 60GHz.
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Fig. B.1. Generic illustration of photodiodes. The high-field region is the (thin) in-
trinsic layer in the p-i-n photodiode (left) and the n-region in the Schottky photodi-
ode (right). These are the regions where photons are absorbed, generating electron-
hole pairs, and rapidly swept to the highly conducting N+/P+ terminal layers.
( c©Bookham, Inc. Reprinted with permission)

A Schottky configuration is the faster of the two designs – in the case
of a p-i-n diode, if the top p-layer is absorbing, the carriers generated in
this undepleted, low-field region must diffuse out at slow speeds. Schottky
photodiodes also offer lower parasitic resistance. 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 back-side and front-side illu-
mination. For backside illumination, light is incident through the transparent
indium phosphide (InP) substrate and absorbed in the indium gallium ar-
senide (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.

The front-illuminated devices are fabricated with both InGaAs and gallium
arsenide (GaAs) absorbing layers and have a thin, semi-transparent 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 application and is generally either a flat frequency response, with the
responsivity varying only slightly across the operating bandwidth, or a fast,
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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). Detector with a clean, ring-free impulse response in the
temporal domain (bottom) experiences roll off in the frequency domain, reducing
the 3-dB frequency. ( c©Bookham, Inc. Reprinted with permission)

ring-free impulse response. 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
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Fig. B.3. Impulse response of Bookham, Inc. Model 1,444 measured with a 50-GHz
scope and a 150-fs full-width-at-half-maximum input pulse at 1.06 μm shows only
slight amounts on ringing. ( c©Bookham, Inc. Reprinted with permission)

applications in which spurious ringing can degrade an eye diagram and bit
error rate (BER). These detectors have been designed with a resistive match-
ing network that presents 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 to
well beyond 60GHz.

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 mea-
surement 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 1.06μm. 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 detectors are useful for applications involving the optical transmission
of microwave and millimeter wave RF signals, such as wireless cellular net-
works or antenna remoting in military or commercial communication satellite
systems.

High-speed detectors are an important component in high-bandwidth opti-
cal 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 avail-
able 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 typi-
cally just a (large) resistor R. The detection bandwidth of this type of receiver
(typically referred to as “front-end” because its task is mainly to recover the
optical 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, 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 capac-
itance 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 as well as a low thermal noise source from the load resistor
(∼kT/R). This configuration thus provides a broadband/low-noise perfor-
mance for converting the input optical intensity variation into a corresponding
output voltage variation.

While very useful for base-band reception, when the signal of interest spans
only a limited band (as in subcarrier signal transmission) one can design an

ZL

A

+V

High Input Impedance Amplifier

Output V(t)

pin photodiode

pin photocurrent i(t) = R.p(t)
 R = responsivity of photodiode

Optical Input p(t)

|ZL(w)|

wR

w

Fig. B.4. Schematic of a resonant “pin-FET” optical receiver design – the FET is
represented by the high input impedance amplifier A in the figure
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impedance (preferably one which does not incorporate resistive elements as
such elements are sources of thermal noise) of which the magnitude |ZL(ω)| ex-
hibits a resonance peak at ω = ωR as illustrated in Fig. B.4). Such an example
can be found in subcarrier resonant receiver design [172]. This well-established
art in filter design can be carried over, albeit made more challenging in im-
plementation at very high frequencies to the mm-wave band. Nevertheless, it
is a subject which has been well studied within the discipline of millimeter
wave devices and circuits, and will not be further addressed here.



C

High Frequency Optical Modulators

The performances and limitations of directly modulated laser diodes as optical
transmitters for very high frequency (mm-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
modulation 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 optical 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

1. The integrated device minimizes optical coupling loss from the laser into
the modulator waveguide,

2. The issue of matching the laser wavelength to the EAM is easily resolved
since both devices are fabricated on the same semiconductor wafer in one
single process.

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. EAM’s are produced and deployed in volume, in the
form of IML’s for telecom applications, where the modulation format is invari-
ably digital on-off. EAM’s has not been used extensively as an independent
optical component even in digital modulation, most likely due to the difficul-
ties in optical coupling in/out of it, in addition to the need for matching the
wavelength to the laser source. Its analog modulation characteristics has not
been extensively characterized either, but from existing published data the
input/output (intensity absorption vs. applied voltage) characteristic is far
from being linear.
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The other popular type of external modulators which has been char-
acterized 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].

The operation speed of both EAM and MZM are practically limited only
by electrical parasitic effects, since the intrinsic responses of the material
properties responsible for modulating the optical waves (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 practical
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
capacitance limitations by using “traveling wave” electrode structures,
which in essence is a transmission line structure, where the parasitic ca-
pacitance (per unit length) is compensated for by the inductance (per unit
length) of the electrode, resulting in a (real) characteristic impedance, high
frequency signals thus do not suffer loss despite presence of the capacitive
shunt.

For high speed modulation, the primary consideration for this type of “trav-
eling wave” modulator configuration is matching of 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 mod-
ulator fabricated as a guided-wave optical component. The optical waveguides
are fabricated on an electro-optic material such that an applied voltage across
the waveguide changes the effective refractive index seen by the propagating
optical wave.

Assuming the modulator electrode impedance is matched to the mi-
crowave 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) = V0 sin 2πf(nmz/c− t). Where nm is the microwave effective index of
the traveling wave electrode, and f frequency of the modulation signal. If the
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Fig. C.1. Schematic of a Mach Zehnder interferometric optical modulator fabricated
as a guided-wave optical component

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) = V0 sin 2πf(znmδ/c−t)
where δ = 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 optical waveguide. The phase modula-
tion (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 voltage “seen”
locally by the propagating photon. At the exit of the modulated section of
the waveguide the cumulative phase modulation for a photon entering the
waveguide at t = t0 (in the case of MZ modulator) is thus proportional to

∫ L

0

Δβ(f) dz =
Δβ sin

(
πfLnmδ

c

)
(
πfLnmδ

c

) sin
(
2πft0 − πfLnmδ

c

)
, (C.1)

where Δβ ∼ V0L would be the maximum modulation in the phase shift at
the output of the modulated waveguide section had there been no mismatch
in the group velocities (index) of the optical and electrical waves, i.e., δ = 0.
For MZM’s the optical wave from the modulated waveguide section interferes
with the (unmodulated) wave from the other branch to produce an inten-
sity modulation at the output of the device. Similar considerations apply for
EAM’s, resulting in a similar expression as (C.1) for traveling wave EAM’s,
with the optical phase shift Δβ(f) in (C.1) replaced by optical attenuation
α(f). This optical phase modulation is converted into an optical intensity
modulation after the modulated and original input waves are optically com-
bined at the exit Y-branch of the MZ interferometer resulting in an optical
intensity modulation proportional to sin(Δβ).
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C.2 Electro-Absorption 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 of electro-optic effect, for most practical purposes these time scales can
be considered instantaneous. Which leaves the capacitance between the drive
electrodes as the realistic limitation on how fast these optical modulators can
practically operate. Section C.1 illustrated the use of a traveling wave – “TW”
electrode structure to neutralize the parasitic capacitance associated with the
drive electrode of a MZ modulator. A similar approach can be used for EAM’s
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
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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 above.

Aside from modulation speed, linearity is also a consideration for applica-
tions contemplated in this book. While MZM modulators have a DC modula-
tion transfer function (light-out vs. voltage-in) which is sinusoidal in nature,
one can nevertheless operate the modulator at a bias point where the second
order nonlinearity is minimized, i.e., at the inflexion points of the sine function.
The modulation transfer function of a EOM is much less “ideal” in the sense
that it cannot be represented by a simple function, with no clearly definable
inflexion points.

A measured transfer function is shown in Fig. C.3. This is one of the rea-
sons that EAM’s are rarely used in linear lightwave transport systems. Imple-
mentations of fiber-optic transport of mm-wave signals using Mach-Zehnder
electrooptic modulators as transmitters are described in Chaps. 12 and 13.



D

Modulation Response
of Superluminescent Lasers

D.1 Introduction

The superluminescent diode is one possible alternative to the well established
injection laser’s and LED’s as light sources for fiber-optic communications.
A superluminescent 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 trivial 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 superluminescent
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 non-uniformity in the longitudinal distribution of
the photon and carrier densities in the active region, the modulation response
of superluminescent. lasers cannot be described by the usual spatially uni-
form rate equations, which was so successful in describing laser dynamics.
This is evident from the discussions in Chap. 1. Rather, the “local” rate equa-
tions 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 op-
portunity for determining the exact degree of validity of the spatial-average
approximation used in the ubiquitous rate equations for studying modula-
tion dynamics of semiconductor lasers. The results show that in most cases,
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the superluminescent diode modulation responses are of single-pole type, in
contrast to the conjugate pole-pair response of a laser (Chap. 2). The cut-off
frequency increases with pump current, similar to previous observations for
a laser, albeit in a rather non-linear fashion. Under some conditions, the fre-
quency response can be much higher than a laser diode of similar construction,
under similar pump current densities. These conditions require that the reflec-
tivity 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 imper-
fection in the waveguide construction and/or end facet elimination, or even
feedback from the optical fiber into which the Superluminescent 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 het-
erostructure 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 Chap. 1, (1.1). In the pure superluminescent case (no
mirror), the steady state is given by the solutions (1.3)–(1.7) with R = 0.

Figure D.1a shows a plot of the steady state relative output optical power,
X+

0 (L/2) = X−
0 (−L/2), as a function of pumping level indicated by the un-

saturated gain g, for various values of the spontaneous emission factor β. The
linear part of the curves at the higher values of the pump level is the satu-
rated 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) = X±
0 (z) + x±(z)eiωt (D.1a)

N(z, t) = N0(z) + n(z)eiωt (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 unison. 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 15GHz even for very long diodes
(0.25 cm) considered in later sections.

Adopting the usual technique of substituting (D.1) into the superlumines-
cent equations (D.1), and neglecting the nonlinear product terms, the follow-
ing 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

dx+

dz
= Ax+ +Bx− + C (D.2a)

dx−

dz
= Dx+ + Ex− + F (D.2b)

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

A = g0 − iω

cτs
− (X+

0 + β)g0

1 + iω + (X+
0 +X−

0 )
(D.3a)

B =
−(X+

0 + β)g0

1 + iω + (X+
0 +X−

0 )
(D.3b)
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C =
gm(X+

0 β)
1 + iω + (X+

0 +X−
0 )

(D.3a)

D =
(X−

0 + β)g0

1 + iω + (X+
0 +X−

0 )
(D.3b)

E = −
(
g0 − iω

cτs
− (X−

0 + β)g0

1 + iω + (X+
0 +X−

0 )

)
(D.3c)

F =
−gm(X−

0 + β)
1 + iω + (X+

0 +X−
0 )

(D.3d)

where g0(z) = αN0(z) = small signal gain distribution, gm = αjτs/(ed) =
small signal gain due to RF drive current, and ω has been normalized by the
inverse of spontaneous lifetime.

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

x+(0) = x−(0) (D.4a)

x−(L/s) = 0 = x+(−L/2) (D.4b)

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

x+

(
L

2

)
= x−

(
−L

2

)
=

QT − SP

Q− S
. (D.5)

The frequency response curve is obtained by solving (D.2) for each ω. One
set of results is shown in Fig.D.2, which shows the frequency response of a
500μn diode pumped to various levels of unsaturated gain. The spontaneous
emission factor β 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 re-
sponse 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 abcissa of the inter-
section point between the high frequency asymptote and the 0 dB level of the
amplitude response) easily exceeds 10GHz 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.

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
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Fig. D.2. Amplitude and phase responses of a 500 μm superluminescent diode at
various pumping levels. β = 10−4

Fig. D.3. Amplitude response of a 500 μm diode with various β. Unsaturated gain =
500 cm−1

of superluminescent 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, where one can plot the frequency response of a 500μn diode pumped
to an unsaturated gain of 500 cm−1, at different values of The modulation
capability increases extremely fast as β 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 comer frequency versus pumping, with dif-
ferent spontaneous emission factors β. The corner frequency increases rapidly
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β, (above) for a 500μm diode and (below) a 2.5mm diode. The responses of con-
ventional (0.3 mirror reflectivity) laser diodes of similar lengths are shown in dotted
lines

as β falls below 10−3. For comparison, the frequency response of a conven-
tional laser with the same length of 500μm, with an end mirror reflectivity of
0.3, is also shown in the figure. This curve is calculated using the well known
formula (1) from [15]. It is apparent from Fig.D.4 (upper figure) that su-
perluminescent diodes are not competitive with lasers of similar construction
except at extremely high pump levels and for very small spontaneous emis-
sion 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 superluminescent 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 values of β 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 invariant
to gL, the unsaturated gain of the device. This is true for diode lengths as
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long as 0.3 cm, thus, the frequency response of a 0.2 cm diode pumped to an
unsaturated gain of 200 cm−1 is identical to that of a 500μm diode pumped
to 800 cm−1 – an unrealistic value. Conventional lasers do not have this prop-
erty 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.4 (lower figure),
which is a similar plot to Fig.D.4 (upper figure) 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 conventional threshold gain (neglecting internal absorption loss) of
a 500μm 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. 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 spectrum. The following calculations
are carried out to illustrate the effects of a small but finite mirror reflectivity
on the frequency response of the superluminescent 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) = Rx+(L/2) (D.6a)

x+(−L/2) = Rx−(−L/2) (D.6b)

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

x+(L/2) = x−(−L/2) = QT − SP

(Q− P ) +R(T − P )
. (D.7)

A set of results is shown in Figs.D.5 where the frequency response is shown
for a long (0.25 cm) diode with β = 10−3 and 10−4, and assuming a mirror
reflectivity 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
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Fig. D.5. Frequency response of a 0.25 cm diode with mirror reflectivity of 10−6,
and β = 10−4 in (top) and 10−3 in (bottom). g is the unsaturated gain in cm−1

square root dependence on pumping, but at a sufficiently high pump level a
resonance peak occurs similar 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
continuously 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 β,
then the device resembles more closely a conventional laser than an amplified
spontaneous emission device. With β = 10−4 and a typical normalized photon



D.3 Effect of a Small but Finite Mirror Reflectivity 193

50 100 150 200
0

2

4

6

8

laser

Gain (cm−1)

C
or

ne
r 

fr
eq

ue
nc

y 
(G

H
z)

Superluminescent
L = 0.25 cm
R = 10−6

 =
 1

0
−3

 =
 1

0
−4

Fig. D.6. Corner frequency of a 0.25 cm diode with mirror reflectivity of 10−6,
at spontaneous emission factors of 10−4 and 10−3. The response of a conventional
0.25 cm laser is also shown

density of 10 near the output end, the mirror reflectivity 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
optical output power will not increase linearly as shown in Fig.D.1a, but will
saturate at a value Xg, given by

g

1 +Xg
= f , (D.8)

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
anywhere inside the active medium except for a small region near the ends,
where the photon density is highest. The effect on the frequency response
proves to be insignificant.



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 broad-
band 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 is well known, a means of providing con-
tinuous RF phase adjustment to complement the discrete, fixed fiber-delay
lines is needed for the practical 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 180◦ 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 prin-
ciple 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 ±90◦ within the
locking bandwidth [187]. In this case, the 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 1–7GHz. Phase shifting of
RF phase in the modulated optical output is conveniently done by varying
the free-running self-pulsing frequency. The characteristics 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 = 1.3GHz and an injected power Pinj = 0dBm.

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 60◦. The setup
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illustrated in Fig. E.2 was used to measure 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 reference signal. The intensity coming from the injection-locked
SP-LD is collimated and focused onto a standard high-speed photodetector.
A portion of the detected signal is displayed on a RF spectrum analyzer to
monitor the carrier-to-noise ratio (CNR). Note that it is not necessary to
place a microwave amplifier after the photodetector 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 +10 dB.
When the bias current into the SP-LD is varied the resulting RF output phase
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shift can be observed by measuring the DC voltage at the output of the mixer.
The results are displayed in Fig. E.3 for various injected signal powers.

As expected, the CNR (measured at 1MHz offset) is increased by increas-
ing 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 180◦ (from −70 to 110◦), and control of the bias current to within ∼ 10μA
allows a phase resolution of < 1◦ (i.e., [Kφ = 0.07◦/μA] [10μA] = 0.7◦). The
maximum phase deviation from the linear regression fit is 10◦. A maximum
CNR of 102 dB (1Hz) 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 0.5◦ (for a 10μA change
in the bias current). The deviation from linearity is < 5◦. The slope (Kφ) for
each graph is related to locking bandwidth BL, and the locking bandwidth is
a function of the injected signal power Pinj

1
Kφ

∝ BL ∝
√

Pinj (E.1)

As mentioned above, the injected power also determines the CNR. Detun-
ing the self-pulsing frequency from the injected signal frequency produces the
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desired phase shift, but also decreases the CNR. The locking bandwidth is
defined as the detuning in which the CNR is maintained to within 3 dB of the
maximum (which occurs at finj = fsp) at a given injected RF power. The lock-
ing bandwidth for each plot is given in the caption for Fig. E.3. Figure E.3d
shows locking of the third harmonic whose fundamental fsp = 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 com-
pact disk lasers are not packaged for high frequency operation. Commercial
SP-LD’s pulsate at a fundamental frequency up to 5GHz [188, 189], and can
be extended to beyond 7GHz 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 peak-to-peak amplitude of 200mV
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 amplitude determines the resulting phase of the RF signal at the output
of the link. For a peak-to-peak amplitude of 200mV, the phase change is
Δφ = Kφ(Vpp/R) = (0.07◦/μA)(200mV/50Ω) = 140◦. 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 ≈140◦. 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 preamplifier. For ideal (lossless) impedance matching of the laser
transmitter and receiver, the link gain GL is given by [191]

GL(Pinj) =
Pout
Pinj

=
[ηLKoptηD]2

4

[
Rp

Rd

]
Ginj(Pinj) , (E.2)
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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 180◦ 360◦

Gain (loss) ≥10 dB ≥− 1 dB
Isolation >80 dB <40 dB

Bandwidth >7GHz <5GHz

Resoluation ∼1◦ ∼5◦–10◦
Switching time 5 ns >10 ns

where ηL, ηD 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 ηL = 0.35W/A, ηD = 0.6A/W, Kopt = 0.90W/W, a photo-
diode impedance of Rp = 1kΩ, a laser diode forward resistance Rd = 5Ω, and
a measured Ginj(Pinj = 0dB) = 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 1–15 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 archi-
tecture. 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
continuously 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 isolation. 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.
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systems, 23
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on mm-wave subcarriers, 115
optical feedback, 91
optical modulation depth, 50
optoelectronic feedback, 67
output optical power density, 29
overall modulation response, 96

parabolic gain profile, 95
parasitic capacitance, 16
Parasitic-free Photo-mixing Modulation,

39
partial modulation, 107
partial modulation of the laser cavity,

108
passive mode locking, 97
passive mode-locking, 97
passively mode-locked laser diode at

∼350GHz, 99
perturbation analysis, 19
Perturbation Analytic Prediction, 19
phase noise to intensity noise, 67



Index 211

phase-to-intensity noise, 65
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Resonant Modulation, 87
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second harmonic, 25
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Signal-induced Noise, 65
signal-induced noise, 66
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superluminescent lasers, 185
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