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Abstract

High-linearity, low-noise DFB lasers are necessary for analog optical communications,
including subcarrier multiplexed systems, wireless personal communication systems
(PCS) service and phased array radar. In this thesis, we examine the dynamic range and
distortion for a Fujitsu DFB laser. We extract parameters from the device and use these
parameters to simulate the distortion characteristics. We measure the spurious free
dynamic range (SFDR) and find that it peaks at a certain current bias; we hypothesize that
this maximum is related to a cancellation effect between the gain compression and the
spatial hole burning nonlinearities in the laser. We also measure the SFDR versus fre-
quency and find that the dynamic range is relatively insensitive to temperature changes
between 300 and 700 MHz. Based on these findings, we make suggestions for ways to
improve the laser performance and reduce the packaging cost.
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Chapter 1

INTRODUCTION

Increasing demand for communications over the last twenty years has fueled the need
to find reliable transmission sources that can keep up with constantly changing require-
ments in broad band and narrow band communications. Cable television providers and
telecommunications companies are competing to create broad-band subscriber networks
that are upgradeable, flexible, and able to carry large bandwidths of various types of data.
The wide bandwidths of semiconductor lasers and the accompanying fiber optic compo-
nents are cost-competitive and compatible with existing coaxial cable system, thus making
them attractive to cable providers as well as telecommunications companies. Through
subcarrier multiplexing (SCM) a single network can handle multiple digital and analog
formats, including voice, data, video, digital audio, high definition video, and any combi-
nation of these services.[28] There has also been great interest in narrow band analog
optical applications, which include phase array radar and wireless broadcast communica-
tions. As their name implies, these applications require a relatively narrow bandwidth of
channels. In wireless or personal communications systems (PCS), a central station
switches between base stations in different “cells” as a mobile phone changes loca-
tion.[35] The base stations are connected to the central station via fiber optic lines. More
base stations can be added as demand for the service grows. Figure 1.1 illustrates both

SCM and PCS systems.
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Figure 1.1: (a) Subcarrier

multiplexed systems S |
(SCM). Multiple channels S— ZS

are fed into a single laser
which transmits a signal
over fiber optic cable to a
detector, which can select
the desired channel. [28]
(b) Personal communica-
tions system (PCS). A cen- \
tral station keeps a phone in Ym
constant contact with a RE
transmitting station by EOOE
switching between differ-
ent “cells”, which are linked
fiber optically to the central
station.[35] EO

(b)

Semiconductor laser devices have already proven themselves to be appropriate trans-
mission sources; however, growing demands in both analog and digital communications
continue to push the envelope of laser performance. In order to meet the requirements of
the optical networks, lasers are required to deliver a low noise, low distortion, high-power
output over a range of operation parameters, preferably with lower current bias. Further-
more, the necessity to couple light into fiber and propagate signals for long distances
along the fiber requires that the lasers be dynamic single-mode (DSM) devices, which
means that they must have a large side mode suppression ratio (>30dB) and they must be
single mode throughout operation. In designing lasers that will meet the needs of both
analog and digital communications, the distributed feedback (DFB) laser has emerged
thus far as the best structure. Increasing demands of communications systems, however,

will require improved performance of the DFB laser.
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1.1 What is a semiconductor laser?

All lasers, whether they are gas, liquid, solid-state, or semiconductor devices, ideally

emit light with the following three properties:

1. the light is monochromatic (of a single wavelength),
2. the light is coherent (the photons are all in phase with each other), and

3. the light is minimally divergent.

A laser typically has four main parts to it: (a) a gain section, (b) an optical pumping or
electrical injection section, (c) a feedback or mirror section, and (d) an output coupler.
Through optical pumping or electrical injection, electrons are raised to a higher energy
state. Photons that are passing through the gain section cause the excited electrons to fall
back down to the lower state and in the process emit photons of the same wavelength and
in phase with the original photons. This process is known as stimulated emission. Most
of the photons are then reflected and pass through the gain section again; a certain fraction
of photons leave the cavity through an output coupler.

Semiconductor diode lasers operate on the same general principles as all other types of
lasers, but the they differ greatly in detail. Diode lasers have been useful in the communi-
cations industry because they have been shown to be reliable, they can be placed in a
small package, and they can be directly pumped by an electrical current. This last feature
makes it possible to realize high power conversion efficiencies as compared to gas and

solid-state lasers.[9]

Semiconductor lasers are usually grown with material from column III and V of the
periodic table, although lasers have been demonstrated that were grown using materials
from columns II and VI. The laser is typically formed by creating a p-i-n diode structure.

Electrons are injected through the n-doped side and holes are injected through the p-doped
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side. The electrons and holes recombine in the intrinsic section, thus emitting light. The
n- and p-type regions have a higher energy bandgap than the intrinsic region and thus they
confine the carriers to the active region. Furthermore, the lower index of refraction of the
n and p-type regions creates a waveguide which confines the light in the structure. These

diode lasers operate through the stimulated emission of light from the active region.

The choice of wavelengths for laser operation in communications applications has
been determined by the characteristics of the glass fiber. Fiber has a minimum loss at 1.55
wm and a minimum dispersion, or frequency-dependent broadening of pulses, at 1.32 um.
These two wavelengths are the primary choices for communications lasers. The bandgap

of the material is related to the wavelength by the relation E g = h—c Thus, the desired

A
wavelengths limit the types of materials from which the lasers can be grown. The most
popular material system for lasers used in long-distance fiber optics has been InGaAsP
active region grown on an InP substrate.[9] The choice of material systems as well as the

actual growth process determine many other material parameters which can affect perfor-

mance. Some of these parameters will be discussed in later chapters.

While the basic framework described above is common to most semiconductor lasers,

the specific internal structure of the semiconductor lasers vary greatly. There are multiple

Mirrors formed by cleaved facets or by

distributed reflectors .
. __-4—— Injection of holes

p-type Cladding layer @ f A

Light out n-type Cladding layer

— T Injection of electrons

Figure 1.2: Generic DFB or Fabry-Perot laser structure.
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ways to reflect light back into cavities and there are many materials that can serve as
appropriate gain mediums and light confining regions. Table 1.1 illustrates three common
types of semiconductor laser structures and lists some of their basic properties. As is
apparent from this short list, the properties of the different lasers vary greatly and different

lasers may be better suited for certain applications.

Fabry-Perot lasers, which have been around since the early 1960’s, are the simplest
type of semiconductor lasers. The structure is formed by epitaxially growing the cladding
and active layers, and the mirrors are formed by cleaving the semiconductor. While
Fabry-Perot lasers are easy to make and can yield high output powers, they have low static
and dynamic side mode suppression ratios (SMSR). Thus, they do not satisfy the require-
ments for dynamic single-mode transmission.

Vertical cavity surface emitting lasers (VCSELSs) are formed by growing a distributed
Bragg-reflector section, followed by an active layer with multiple quantum wells, and then
followed by another passive distributed Bragg reflector section. VCSELSs show promise
for analog communications, but as of yet they have not demonstrated high enough output
power and are complicated to grow.[13]

Distributed feedback lasers were first proposed by Kogelnik and Shank in 1971.[22]
A DFB laser is fabricated by first epitaxially growing the p-i-n structure, followed by suc-
cessive steps of etching and regrowth. A periodic grating is formed by holographic expo-
sure or by electron beam lithography.[25] The periodic grating leads to coupling of
forward and backwards going waves in the structure. The feedback is highly wavelength
dependent, and thus the DFB laser leads to much better mode selectivity than the Fabry-
Perot laser. In addition, DFB lasers have shown high output powers, low distortion, sin-
gle mode operation, relatively low noise, and low current requirements. DFB lasers have

been modified in many ways to improve particular aspects of performance. DFB lasers
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Table 1.1: Three common semiconductor laser strucutres.

Vertical cavity surface emitting laser

Property Fabry-Perot Distributed Feedback (DFB) (VCSEL)
Profile
Mirror surfaces. AR/HR coatings ‘ .
Active region
Active region !_]_ L] lifl EEEEEEREN LML L
: ctiveregion .

Gain medium

Gain medium with periodic
index or gain variation

Passive Bragg reflectors formed by index
or gain variation, active center region.

Mirror surfaces

Mirrors formed by cleaved ends.

Forward going wave coupled to backwards
going wave by periodic index or gain varia-
tion, causing feedback of waves.

Mirrors formed by passive Bragg reflectors
(BR) on both ends of structure. Periodic
index variation causes forward and back-
wards going waves to couple together. BR
has high mode selectivity.

Output spectrum

Spectrum below threshold

Spectrum above threshold

Spectrum above threshold

20 :
-F !i H ot H
— 10+ af i
§ .% -3 | I Z g 50 | ',,x."'"," 4
= 04 a ~ \
ol i 7 N,
"
-10 T T T T T e e e v e %0 R
1.538 1,54 1,542 1.544 1.546 1.548 Wavelangth, nm e e e e e
Wavelength [um) Wavelength, nm
Number of modes Multiple modes possible. Single mode. Single mode.
Fabrication Simplest process. More complicated, lower yield due to Most complicated structure.
uncontrollable grating phase at facets.
Disadvantages for fiber | Does not satisfy dynamic single mode Not enough power output yet.

optic communications

(DSM) criteria.

Low yield. Strong heating effects.




are already being used succesfully in communications systems; however, in building the
next generation optical communications systems, the performance in all of these area will

have to be improved.

1.2 Performance limitations

The performance of laser diodes for optical communications is limited by application
bandwidth, distortion, and noise. Distortion can be caused by many factors. Static distor-
tion occurs when the nonlinearities of the light-versus current (LI) curve are present.
These nonlinearities are caused by spatial hole burning, gain compression, finite carrier
transport times, and leakage currents. Dynamic distortion occurs when the nonlinearities
of the device cause different frequency components to mix together through the interac-
tion of photons and electrons in the laser cavity. As a result of these nonlinearities in the
device, it is possible for multiple frequencies from separate channels to interfere and mix

with each other to produce new frequency components.

The application bandwidth determines the type of distortion that will affect the sys-
tem. As is shown in Figure 1.3, a narrow band system will be primarily affected by third
order intermodulation distortion (IMD3). The key figure of merit for such narrow band
applications is the spurious free dynamic range (SFDR), which is the range of inputs over
which the output signal is unaffected by either noise or distortion. In contrast, a broad
band system can be affected by IMD3 as well as by second order harmonic and intermod-
ulation distortion. The key figures of merit for broad band systems are the composite sec-

ond order (CSO) distortion and the composite triple beat (CTB) distortion. In this report,
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we focus on narrow band systems, i.e., systems that are limited by the third order inter-

modulation distortion.

Performance is also limited by the noise in a laser device, which is characterized by
the relative intensity noise (RIN) and the linewidth. Both types of noise are related to ran-
dom carrier and photon fluctuations within the laser cavity. The linewidth is related to the

phase noise and the RIN is related to the amplitude noise due to these random fluctuations.

Analog applications have stricter demands than digital applications for noise and dis-
tortion. Digital applications are merely required to be able to discern between a high bit
value and a low bit value. The actual data is made up of a series of these high or low bits.
Noise and distortion can be tolerated as long as they do not change the value of the trans-
mitted information. Requirements for digital systems are given in terms of bit error rates,

or the number of errors that can be tolerated per number of bits transmitted.

Nonetheless, analog communications are still of interest because a majority of phone
and voice communications still transmit using analog signals. In analog systems, the data
value is chosen from a continuous range of values. Analog systems operate by converting
a current modulation into the laser to a light output modulation which is transmitted across
fiber, received at the other end and then reconverted into a current modulation. Proper

operation requires that the laser and detector both be as linear as possible and have mini-
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Figure 1.3: Distortion products for broad-band and narrow-band applications. The
dashed line shows that for narrow-band, performance will be limited by IMD3.
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mal noise and distortion. Low distortion, high-bandwidth detectors are already available,
and usually the lasers are the limiting elements in optical links. Even a little bit of noise
or distortion in the laser can significantly limit the quality of the transmitted signal. Thus

DFB lasers for analog applications must be designed with very low distortion and noise.

1.3 Previous work done in this field

There has been much research done in designing high-linearity DFB lasers for analog
applications with low distortion. We only present a brief outline here of investigations
relating to high-linearity index coupled DFB lasers for analog transmission links.

Intermodulation distortion in semiconductor lasers was first examined in 1984 by
Yariv and Lau [23]. Subsequent to this, many others have measured the intermodulation
distortion for different types of applications. Many of these other investigations have
focused on relating the distortion to the device structure. Watanabe et al. [35] study the
effects of strain and multiple quantum wells on distortion and report third order intermod-
ulation distortion of -88 dBc in a 1.3-um strained multiple quantum well DFB laser for
analog transmission at 1.9 GHz. Haisch et al. [16] report a low-chirp, highly-linear 1.5-
um strained layer multiple quantum well DFB laser for analog TV systems. Yonetani et
al. [37] report a Fujitsu DFB laser that is optimized for second order intermodulation dis-
tortion by varying the coupling coefficient and the mesa width.

While there have been many investigations into relating the structure to the distortion,
there have been fewer studies comparing the relative effects of the different laser nonlin-
earities to the distortion. Okuda et al. [26] report an internal distortion cancellation mech-

anism due to the cancellation of relaxation oscillation and longitudinal spatial hole
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burning. Understanding the relative effects of the nonlinearities may help in designing

new lasers which optimize the different nonlinearities and thus reduce the distortion.

Another area where DFB lasers may improved is through reducing temperature sensi-
tivity of the laser. This may eliminate the need for a peltier cooling module and thus help
bring the packaging costs down. Watanabe et al. [36] report an uncooled DFB laser with
low distortion for CATV applications; this laser is made with a current blocking layer to
reduce the effects of leakage current, another nonlinearity which can lead to increased dis-

tortion.

1.4 Research presented in this thesis

In this thesis, we analyze the performance of DFB lasers for analog applications,
including distortion, noise, and spurious free dynamic range. In order to understand what
factors may be limiting performance and how to overcome these issues, we explore the
following:

* We present simulations of steady state, modulation, and third order intermodulation
distortion for a Fabry-Perot laser. This gives an understanding of how similar pro-
cesses affect a DFB laser.

* We give a complete characterization of a highly-linear Fujitsu DFB laser (model FLD
130F3ACH-AL/180), which is designed for CATV analog communications.
These measurements include optical spectrum below, at, and above threshold, LI
curves at several temperatures, third order intermodulation distortion, spurious free
dynamic range, and relative intensity noise.

* We will present a short algorithms for extraction of length and coupling coefficient
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from a subthreshold spontaneous emission spectrum of a DFB laser.

* We observe the effects of temperature changes on dynamic range and we calculate a
characteristic temperature for threshold current.

* We observe and measure a peak in the dynamic range versus current. This maximum
in the dynamic range is believed to occur from cancellation of spatial hole burning
and gain compression in a DFB laser.

* We present the outline for several LabVIEW data acquistion programs that were writ-
ten to measure spurious free dynamic range over either a frequency range or over a
range of current biases. Appendix A documents the steps taken in the program in

greater detail.

1.5 Outline of this report

We start our analysis in Chapter 2 by presenting the laser rate equations for Fabry-
Perot lasers. We also present the modulation response of the lasers and the laser perfor-
mance limitations due to distortion and noise. We introduce the system measurement for
spurious free dynamic range (SFDR). We present our measurements of RIN and power-
current (LI) curves for a Fujitsu DFB laser, from which we extract many of the key model-
ing parameters for the laser. We then present simulations which were done in MATLAB
using these parameters. These simulations were based on the simple rate equation analy-

sis with gain compression.

In Chapter 3, we present the distributed feedback (DFB) laser analysis, using coupled
mode theory. From coupled mode theory and perturbation analysis, we determine the

expected mode profiles, and the impact of spatial hole burning on DFB lasers. We
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present a short algorithm for parameter extraction from a subthreshold spontaneous emis-

sion spectrum for a DFB laser.

In Chapter 4, we present the high speed measurements. We present the experimental
setup and data. We discuss the results and compare with previous results from other
groups. Based on these analyses, in Chapter 5 we summarize our results and we propose a

direction to follow for further research in this area.
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Chapter 2

L ASER DISTORTION THEORY

In this chapter we examine the steady state, modulation, and distortion characteristics
of a Fabry-Perot laser using rate equations. A Fabry-Perot laser is the simplest type of
semiconductor laser, consisting of a gain medium and two mirrors which are formed when
the semiconductor is cleaved along the crystal planes, leading to a very clean cut mirror
surface. A Fabry-Perot laser has many natural cavity modes which compete with each
other to reach threshold. One down side of the Fabry-Perot is that there is not enough
mode selectivity, and the laser may end up with multimode stimulated emission. None-
theless, the simplicity of the Fabry-Perot laser makes analysis of its properties a good
place to start. We will extract many key parameters from a laser and use these parameters
in simulations of static and dynamic characteristics of the laser. In the next chapter, we
will look at a distributed feedback (DFB) laser, which has the advantage of single mode
emission and is thus better suited for fiber optic communications. We will be able to

apply many of the results that we find in this section to the DFB laser in the next section.
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2.1 Laser rate equation analysis in steady state

2.1.1 Phenomenological description

We will start with the analysis of a Fabry-Perot laser in the steady state, based on the
notation found in Coldren and Corzine [9]. The analysis for lasers is typically done using
rate equations to model the population changes of carriers and photons. In the present
analysis, the Fabry-Perot lasers are modeled by two rate equations, one for the electron

carrier density, N, and one for the photon density, S. The rate equations have the form:

—— = Injection rate - Carrier decay rate - Net stimulated emission rate
dt
‘2—“: = Net stimulated emission rate + Spontaneous emission rate. - Photon decay rate

The exact form of the rate equations that we will use is given by [9]:

dN _nd N

dt qV_ T ——vggS @1)
as _ 2§
5 = [v,8S +TBBN ~x (2.2)

where 1); is the internal quantum efficiency, g=1.6x10"1? J/Coul, V is the volume of the
active region, T is the carrier lifetime, v, is the group velocity, g is the gain function, I' is
the carrier confinement factor, 3 is the spontaneous emission factor, T, is the photon life-
time, and B is the bimolecular recombination coefficient. Equation 2.1 shows that the rate
of change of the carrier density, N, is equal to the rate of generation of carriers, which are
injected as a result of the current I, minus the rate of recombination due to decay, and
minus the recombination due to stimulated emission. Equation 2.2 shows that the rate of

change of the photon density, S, is equal to the rate of generation of photons by stimulated
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Figure 2.1: Analogy between steady state laser and water flow. Based on Coldren and
Corzine.[9]

emission minus the rate of spontaneous emission into undesired modes and minus the

decay of photons due to generation of carriers or loss out of the cavity.

Coldren and Corzine make an analogy between the laser and the rate of water flow out
of a faucet into a container. In this analogy, the rate of water flow out of the faucet repre-
sents the current injected into the laser, and the height of the water represents the number
of excited carriers. As seen in Figure 2.1, water is flowing in the faucet at the rate of /qV,
but only a fraction 1); makes its way into the container of water. In the laser, this loss cor-
responds to the injection losses caused by carrier leakage and leakage currents. The water
can fill the container up to a threshold level of N,;,, after which point all additional water
that is added will spill directly out of the container. This spillage of water out of the top
corresponds to reaching lasing in the laser, and the rate of water spillage corresponds to
the rate of stimulated emission (R;). The height of the water is essentially clamped - any

additional water added to the container will not raise this level.
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The water can also escape from two openings in the bottom of the container; these
openings allow undesired losses of carriers due to spontaneous emission into different
modes (R; ) and due to nonradiative recombination (R,,,). These losses are represented in

the carrier rate eqauation (2.1) by the second term on the right side, N/t:

al=

= R, +R,, = (BN?)+ (AN +CN?). (2.3)

The rate of spontaneous emission is dependent upon the bimolecular recombination coef-
ficient B, which is typically on the order of 1071% cm?/s. Spontaneous emission occurs
when an electron in an excited state spontaneously falls to a lower state and emits a pho-
ton. Unlike the case of stimulated emission, this spontaneously emitted photon has a ran-
dom phase and is not necessarily correlated with any other photon. Because spontaneous
emission requires the presence of both an electron and a vacancy, the emission rate is pro-
portional to the carrier density squared. Spontaneous recombination occurs into all of the
natural modes that are supported by the cavity size and that fall within the bandwidth of
the spontaneous emission spectrum. Larger cavities will have spontaneous recombination
into more modes. The spontaneous emission term also shows up in the photon density
rate equation because a certain fraction of the spontaneous emission will end up in the

desired lasing mode. The fraction of light that ends up in this desired mode is given by B

g =3 ;E

(a) Ry, (b)R,=BN*>  (©R,, = (d)R,, = CN?

Figure 2.2: Four types of recombinations. (a) Stimulated emission, (b) Spontaneous
emission, (¢) Nonradiative recombination due to trap, and (d) Auger recombination.
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and is inversely proportional to the number of modes supported by the cavity. Thus, B is a
measure of the probability that a photon created by spontaneous emission will randomly
end up in the desired mode that is lasing and thus contribute to the total light output at that
frequency. The more modes there are, the less likely it is that the photon will randomly

end up in the desired mode.

Nonradiative recombination occurs in two forms. One form is due to nonradiative
centers in the active region of the laser, including point defects, surfaces, and interfaces.
This process only requires the existence of a single particle, as opposed to spontaneous
emission which both depend on the existence of two particles. Thus the recombination
rate due to this first process is proportional to the carrier density, N. This form of recom-

bination is less important for InP materials and is usually ignored.[9]

The other form of nonradiative recombination form is the Auger process, in which the
electron-hole recombination energy is transferred to another particle. Figure 2.2(d)
depicts one of the four possible forms of Auger recombination in which the third particle
is excited to a higher level in the conduction band. This process requires the existence of
three particles and is thus proportional to carrier density cubed, N3. The associated Auger
coefficient, C, is on the order of 102 cm6/s.[9] As its name implies, nonradiative recom-
bination does not result in photon emission and thus does not show up in the photon den-

sity rate equation.
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2.1.2 Lasing, loss, and gain

Now that we have given a basic description of the way a laser works, we now look at
lasing, loss, and gain in greater detail. First we will examine what lasing is and when it
occurs. In order for lasing to occur, the roundtrip gain must compensate for the roundtrip
loss. This means that the system is supplying energy to the one mode of interest at the
same rate that energy is being lost from that mode. The energy is lost in two ways: inter-
nal loss and loss at mirrors. The internal losses are due to waveguide loss and scattering
in the material. While the internal losses can be decreased slightly depending on how the
material is grown, the internal loss parameter <o;> that characterizes the loss for materi-

als is typically 10 to 20 cm’!

. The other type of loss occurs at the facets due to the trans-
mission of light out of the cavity. At the mirror or facet interface, some of the light is
reflected back into the cavity while the rest of the light leaves the cavity. The mirror loss

parameter, O.,,, is dependent upon the length of the cavity, L, and the power reflectivity of

the mirrors, r;r,=r’=R:

o, = I%ln(%). (24)

When light passes through a material with gain in a resonant cavity, lasing will start
occurring if the gain compensates for the internal loss and the mirror loss in the cavity. At
threshold when lasing just starts to occur, this can be expressed mathematically in the

form:

Tgy = (o) + 00, 2.5)
where gy, is the gain at threshold when stimulated emission starts to beat out spontaneous
emission of light into other modes. I’ is a confinement factor that represents the fraction

of mode energy within the active layer that can interact with the confined carriers. For a
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Fabry-Perot laser, I" simply equals the ratio of the volume of the active region to the vol-
ume of the entire cavity where photons are confined.

There are several expressions that can be used to model the gain. For an initial
approximation in a bulk material, it is often satisfactory to utilize a linear gain model.
This model is appropriate when the carrier density is near transparency. The carrier den-
sity clamps, or more accurately asymptotically approaches a threshold carrier density
value N, because the total number of carriers is physically limited. Above Ny, the gain

asymptotically approaches a threshold value g,,. The model for the gain is given by:

g =a(N-N,) (2.6)
where a is known as the differential gain. N,, is the transparency carrier density, the den-
sity at which the rate of stimulated emission equals the rate of stimulated absorption. For

quantum well active regions, the gain is best modeled by a logarithmic function:

N+N; ), @7

g=8 ln(———
0 Ntr+Ns

where g is a constant and N is a shift used for fitting the gain curve.

Gain compression

An even better model of the gain will take into account gain compression, which is the
decrease of the effective gain at high currents caused by carrier depletion. Gain compres-
sion can be caused in several different ways: spectral hole burning, spatial hole burning,
carrier transport related phenomenon, or carrier heating. The large photon densities
reduce the number of carriers available. When this happens as a function of position in
the laser cavity, this is known as spatial hole burning (discussed in greater detail in the

next section). When carrier depletion occurs as a function of the wavevector in momen-
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tum space, it is known as spectral hole burning. A model that takes gain compression into

account has the form

1
8= T+es

a(N-N,), (2.8)

where € is known as the gain compression factor. As the photon density, S, increases at
large current biases, the denominator will become large and the effective gain will
decrease, or compress. Gain compression will lead to sublinear nonlinearities in the LI
curve, which means that the LI curve rolls over for high current biases, as shown in Figure
2.3 for three different values of the gain compression factor. This nonlinearity will con-
tribute to harmonic and intermodulation distortion in the laser, even for small values of €.
Thus the nonlinearity in the LI curve due to gain compression will lead to increased distor-
tion and will limit the laser performance. Gain compression is important at currents far

above threshold.

Power, mW

Current, mA

Figure 2.3: Simulated LI curves with gain compression, for four values of €. The
case of £=0 and e=3x10"!7 are indistinguishable for this current range.
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Spatial hole burning

The optical field distribtion in a laser above threshold is usually not uniform. Spatial
hole burning occurs when an area of strong optical field intensity leads to a lower carrier
distribtion in that area. For a Fabry-Perot laser, the optical field distribution is maximum
at the facets of the device. For a DFB laser the field distribution is dependent upon the
coupling coefficient, as discussed in Chapter 3.

Spatial hole burning is more important at lower frequencies (owing to finite carrier
lifetimes). It is possible to calculate a cutoff frequency above which spatial hole burning
is no longer an important effect. Morthier [25] calculates the expression for the spatial
hole burning cutoff frequency (Qgpp/21) from the spatially dependent carrier and photon

densities:

QSHBzA+28Nav,0+3CN§v,0+vggiN So» (2.9)

where N,, is the average carrier density integrated over the cavity length, and the sub-
script O indicates that the values are the bias values. The cutoff frequency increases with
increasing bias levels. Calculations indicate that the cutoff frequency is on the order of a
few gigahertz and is generally smaller than the resonance frequency. Thus, spatial hole
burning does not affect the damping of the relaxation oscillations.

It was initially thought that spatial hole burning could be simply included as a lumped
element in the gain compression; however, SHB is dependent upon longitudinal position
and may in fact have an opposite sign as the gain compression under certain conditions.
The functional form of spatial hole burning requires a more complicated set of rate equa-
tions than used here. In order to incorporate spatial hole burning, the rate equations would
have to be written to include a spatial dependence to account for the fact that the photon

and carrier distributions are not longitudinally uniform in most devices. Using such a spa-
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tially dependent rate equation model, it has been determined that spatial hole burning can
lead to either a sublinear LI curve (leading to additional roll over) or to a superlinear LI
curve. In this latter case, gain compression and spatial hole burning can have opposite
effects on the LI curve of a laser. At a certain point, the two effects may actually cancel
out, leading to a cancellation of the nonlinearities caused by these two effects. This is a
point is of great interest as it may help to find the optimum point at which to operate a
laser if we want to minimize distortion caused by nonlinearities. This topic will be
addressed again in Chapter 4. In both the sublinear and superlinearcases, spatial hole
burning is important at smaller currents right above threshold; at larger currents, the SHB

effect saturates.
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Figure 2.4: (a) Photon den-
sity, (b) carrier density, (c)
photon gain, (d) and refrac-
tive index in 300 um Fabry-
Perot laser at 5 times thresh-
old current. Simulations per-
formed using LaserMatrix
(Royal Institute of Technol-
ogy, Sweden). Simulations
indicate the effect of spatial
hole burning on the carrier
density at the facets of the
device, leading to a decrease
in the gain and an increase in
the refractive index.
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2.1.3 Light output

Ultimately, we are interested in knowing the power output from the laser. The power
is most commonly displayed on an LI curve which plots the power output into the single

lasing mode versus the current input. The power is determined from the expression:

P, = Flvg(xmhvSVp, (2.10)
where h is Planck’s constant, v is the frequency of the output light, and V, is the volume of
the cavity that confines the photons. F; is a structure related term that determines how
much of the light comes out of a particular facet. While there are expressions to determine
F, based on transmission and reflection coefficients of the facets, these expressions do not
account for the facet phase dependence at the edge of DFB lasers. For DFB lasers, F,
must be determined empirically. Nonetheless, all of the terms on the right hand side of
equation 2.10 are independent of input current except for the photon density, S. Thus, the
power output is directly proportional to the photon carrier density. An LI curve for the
Fujitsu DFB laser is shown in Figure 2.11. Measurements were taken at six different tem-
peratures.

We can get an approximate expression for the photon density, S, above threshold

using the rate equations. Ignoring the carrier decay time in equation 2.1, we find:

(I-1
S = N =1y . (2.11)
aVVe8i
To get a more accurate expression for the photon density, we must parameterize equations
2.1 and 2.2 and solve them numerically. It is necessary to solve these equations paramet-

rically because we need to keep track of the carrier density and make sure it does not

exceed the threshold limit. Furthermore, when gain compression is included, the analyti-
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cal solutions become difficult to handle because they are highly nonlinear. Thus, it turns
out that it is necessary to numerically simulate the rate equations for realistic parameters
of the laser in order to get a better understanding of how changing the parameters affects
the output of the laser. Once we have gotten a steady state response for the laser, we will

be ready to look at the modulation response for the system.

Mode spectrum

Although the laser will typically have stimulated emission into one mode, there are
several modes that will have spontaneous emission. In a Fabry-Perot device the modes
are spaced very close to each other. The separation is given approximately by
22

2ngL

Ahpp = (2.12)

where A is the wavelength of the mode, L is the length of the device, and ng is the group
index of refraction. The gain curve on the other hand is typically very broad and overlaps
many Fabry-Perot modes. The mode with the lowest threshold gain is the mode that will
begin lasing. Figure 2.5 shows a typical output optical spectrum for a Fabry-Perot device,
both below and above threshold. Many modes have spontaneous emission below thresh-
old, but not all modes reach the threshold gain condition. Ideally for communications
lasers there is only one mode that reaches threshold; however, multimode stimulated
emission may occur in poorly designed lasers or in lasers at high output powers where
spatial hole burning reduces the loss of the side mode. Fabry-Perot lasers are particularly

sensitive to this effect, while DFB lasers are less sensitive to this effect.
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Figure 2.5: Closely spaced modes in a Fabry-Perot structure. The broad solid line is
the gain curve, and the dashed line is the threshold gain curve. The mode that falls
under the gain curve and has the lowest threshold gain will reach stimulated emission
first. Other modes could also possibly begin to lase if they reach threshold.

2.14 Temperature effects

Temperature changes result in a modification of the steady state characteristics of a
laser [9, 25]. For Fabry-Perot and DFB lasers in the 1.3 - 1.55 um wavelength range, there
are four primary effects that occur as a result of a change in temperature. One effect is a
change in the Auger recombination: increasing the temperature results in an increase of
the Auger recombination rate. As described in section 2.1.1, Auger recombination
requires the presence of three carriers or holes, depending upon the type of Auger recom-
bination. The probability of finding these states occupied or empty increases exponen-
tially with temperature. Thus as the temperature is increased, the Auger process will
become more important, resulting in higher nonradiative losses.[9]

Another change is a decrease in the injection efficiency with a rise in temperature. At
higher temperatures, electrons have a higher average energy and are more easily excited
out of the confining region. When this occurs, more electrons must be supplied in order to

maintain a desired output level and thus the injection efficiency is decreased.
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Another effect in the device is the temperature dependence of the gain. Increasing
temperature reduces the bandgap and results in a broadened Fermi-Dirac distribution of
the electrons and holes over larger energy ranges. The decreased bandgap results in a
temperature shift of the gain peak towards longer wavelengths. In a Fabry-Perot device,
the shifting gain peak may result in mode-hopping as the gain peak begins to overlap
longer wavelength modes. DFB lasers are less affected by the gain peak shift. The broad-
ening of the Fermi-Dirac distribution results in a flattening of the gain curve, which means

that more carriers must be injected to achieve the same level of gain.[25]

Another temperature related effect is leakage current. Leakage currents are formed by
current paths that do not properly make their way into the active region.[25] They form an
undesirable leakage diode in paralle]l with the laser diode. The currents flowing through
the leakage diodes are temperature sensitive due to the temperature sensitivity of the resis-
tance of the material.

All of the above effects can influence the performance of a laser. The effect can be
empirically expressed through a characteristic temperature, T(. The threshold current is

roughly related to temperature exponentially:

T/T,
I, =1Iye °. (2.13)

By fitting data to an exponential, we can extract the characteristic temperature Ti,. Small
values of the characteristic temperature indicate that the laser is more sensitive to temper-
ature changes.

Temperature effects generally are important at lower frequencies. This is because the
thermal effects can only propagate at a finite speed, and at higher modulation frequencies
there is not enough time for the thermal transients to make a large difference. The exact

cutoff frequency for temperature related effects is difficult to determine as it depends on
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the structure of the device and the type of heat conduction and heat sinking provided lead-
ing to heat removal from the main laser cavity. Thermal time constants are typically as

low as a few hundred kilohertz.[9]

The results of this section apply both to Fabry-Perot lasers as well as DFB lasers. In

the last section of this chapter, we extract the characteristic time constant for a DFB laser.

2.2 Modulation response

In section 2.1, we presented the characteristics of the laser equations for the steady
state case, i.e. when both %V =0 and %9 = 0. We now present the modulation response
properties of the lasers. This will form the basis for subcarrier multiplexed systems, with
multiple channels or signals that are separated by a small spacing in the frequency
domain. Thus, we would like to examine the modulation response of our laser to deter-
mine how to improve the laser. After we have examined the modulation response of the
laser, we can then discuss what are the causes of distortion in the laser systems.

This derivation is based on Coldren and Corzine [9]. In order to undertake an analysis
of the modulation response of the laser system, we must first assume a small signal analy-
sis, i.e. assume that the dynamic changes are small and so we can take the differentials of
I N, S, and g. This allows us to linearize the system and eliminate all higher order terms
that will be very close to zero. To find the small signal response of dN(t) and dS(z) to a

sinusoidal current response, we assume solutions of the form:

I(t) = Iy+1,e’, (2.14)

N(t) = Ng+ N, 2.15)
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S(t) = Sy+ S’ (2.16)

We expand the gain:

8 = 8ly_n,tanN -No)-a,(S-Sp) 2.17)

For a linear gain model with gain compression as given by equation 2.8, we have:

_ dg _
NEON|, T T¥eS, (2.18)
]
dg ga €8y - w,)
= _Y5 = —— (N-N = — 2.19
% g5, « +€So)2( ) 1+, @1

Both the differential gain (ay) and ap become smaller at higher photon densities.

We now insert 2.14-2.16 into 2.1 and 2.2 and isolate all of the terms that have an &/®*

phase factor. Reorganizing the terms into a matrix yields:

1 .
1 = V|- @20
—2TBBNy-TSgveay —-Tvg[Nol-TSyveap+jo|L”! 0

p

We define matrix elements as follows:

1
—+S Nyl+S§
|:M“ jMdl{l TAN 0VgdN ve8INol +Syveap
21 7722 —ZFBBNO—I“SngaN Tl—l“vgg[NO]—FSngaP

p

We would like to solve for N; and S}, the first order modulation responses in terms of the
modulation current /;, the frequency ®, and the matrix elements M;;, M;,, M;;, and M;.

We invert the matrix to get:
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. I .
[Nl} _ H(m)[M22+Jm _M120;| 1—1;71 - MM{M”-”(O], (2.21)

2 )
S ®p -M;, M +j qv 0)R2 -M,

H(w) is a constant divided by the determinant of the matrix on the left side of 2.20:

H) = —— , (2.22)

0p — 0+ joy

where (’)RZ is known as the relaxation resonance frequency; 7y is known as the damping
factor and is proportional to a)Rz. The relaxation resonance frequency is equal to
or’=M, My, - M ;oM ;5 above threshold the relaxation resonance frequency can be
approximated by:
v,a, S van(l-1,)
Wp = (2mfg)? = S = g i (2.23)

T, qu

The damping factor is Y= M;; + M,,, which equals:

Ta 'R
y = vganS[l + P] + Ly —2 = Kf}+7,, (2.24)

a, TAN

Ta 1 TR . )
where K = 41t2'l:p[l + - 4 :| and v, = P + —2 K describes the damping of the

n AN §
response for large resonance frequencies, and 7, is the damping factor offset which is

important at low powers and low resonant frequencies.
The amount of modulation applied to a laser is often reported in terms of the optical
modulation depth or modulation index. This term is sometimes defined as:

11
I-1,)

N7,
qV,(S)

where we have replaced the photon density with equation 2.11. Distortion scales linearly

m =

(2.25)

with the modulation depth, and is often reported in terms of it.
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The output power modulation is proportional to the photon density modulation ampli-
tude S, and is also directly proportional to H(w); thus plotting H(®) gives us the same fre-
quency dependence as the output power frequency response. Figure 2.6 shows the
simulated modulation response for the case of without gain compression and with gain
compression, respectively. Figure 2.6 (a), the case without gain compression, shows that
there is damping at high and low output powers. This is because the imaginary term in the
frequency response depends on both wg and 1/wg which can be seen by combining equa-
tions 2.22 and 2.24. For low currents, the relaxation resonance frequency, ®p, coincides
with the peak, ®p . As the current continues to increase, however, the relaxation reso-
nance frequency moves to higher frequencies and passes the peak frequency. The damp-
ing increases and causes the peaks to flatten and broaden out. The height of the peak is
given approximately by (a)R/y)z. The peak frequncy is given by:

0 = mf{l - %(wlRﬂ , (2.26)
and the 3 dB frequency, the frequency at which the modulation response drops to half of
its DC value, is given by mgdB = (0?, + W. Increasing the current bias will
increase the power output and the photon density, which will in turn increase the relax-
ation resonance frequency ®p according to equation 2.23. This will cause the resonance
peaks to shift to higher frequencies. The damping is proportional to (oz , and thus increas-
ing the current bias will cause the peaks to flatten and broaden out. Figure 2.6 (b) shows
that the damping is signficantly greater with gain compression taken into account. The

parameters used in the simulations are given in Table 2.2.
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2.3 Performance limitations

The limitation on performance of a device is dependent upon the distortion of the
device due to internal nonlinearities, the noise of a device due to poor design or funda-
mental noise limits, and the system bandwidth requirements. Distortion occurs when non-
linearities in the device or system cause frequency components to add in an undesirable
way and reappear at different frequencies. The system performance will be limited by dis-
tortion products that reappear within the frequencies occupied by the application. One of
the primary factor in determing the laser performance limitation is the system bandwidth.
System applications fall into two categories: narrow band and broad band applications.
Broad band applications, such as cable television (CATV) systems, occupy a wide range
of frequencies. Broad band applications are influenced by second order intermodulation
and harmonic distortion, as well as third order intermodulation distortion. In general, a
single fiber may carry on the order of one hundred channels which could potentially inter-
fere with each other. The interference of these channels for broad band applications is
quantified by the composite second order (CSO) distortion for second order distortion and
by the composite triple beat (CTB) for third order distortion. While most system require-
ments are reported in terms of CSO or CTB, it is difficult to derive an expression relating
the CTB or CSO to the rate equation description of lasers.

Narrow band applications, such as personal cellular communications (PCS) systems
and radar systems, occupy a narrow range of frequencies. Narrow band applications are
performance limited by third order intermodulation distortion and noise. From a systems
performance point of view, the most important quantity that describes a laser device for
narrow band applications is the spurious free dynamic range (SFDR), or the range of input

powers over which the signal is unaffected by either noise or distortion.
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2.3.1 Distortion

Distortion occurs when a signal has multiple channels which mix with each other
because of nonlinearities in the device. The nonlinearities appear in two different ways.
Static distortion occurs when the nonlinearities of the light-versus current (LI) curve are
present. These nonlinearities are caused by spatial hole burning, gain compression, finite
carrier transport times, optical feedback, and leakage currents. Dynamic distortion occurs
when the intrinsic nonlinearities of the device cause different frequency components to
mix together through the interaction of photons and electrons in the laser cavity. As a
result of these nonlinearities in the device, it is possible for multiple frequencies from sep-
arate channels to mix with each other and produce new distortion signals.[19] These new
signals appear at frequencies that are at the sum or difference of two or more channels, as

shown in Figure 2.7.[29]

We initially restrict ourselves to the case of only two channels and determine the dis-
tortion that will arise from their interference. When carried out experimentally, such a test
is referred to as a two-tone test. There are two types of distortion that we are interested in
for SCM communications: harmonic distortion and intermodulation distortion.

Harmonic distortion is the production of an integer harmonic of one or more of the
input signals.[29] Thus, if we have two input signals, f; and f,, the harmonic distortion
products are 2fy, 3f;, 4f;,..., nf;, where n is the order of the distortion and is determined by
the number of input signals that are combined into the new output signal; 2f; would be
called second order harmonic distortion. In narrow band applications, the frequency range
is often sufficiently limited such that taking twice the lowest frequency in the range would
be well beyond the range allocated for the application; thus harmonic distortion is less of a

consideration for narrow band applicati