Fiber DFB Lasers for Sensor Applications

Erlend Rgnnekleiv

December 30, 1999



Thesis: Fiber DFB Lasers for Sensor Applications




Contents

Abstract vii
Acknowledgements ix

1 Introduction 1
1.1 Background . . . .. ... ... Lo 1
1.2 ThesisOutline . . . . . . . . . . . ... . .. .. .. 3
References . . . . . . . . . . ... 5

Part I: Spatial Sensitivity and Intensity

Distributions 7
2 Characterization of fiber distributed-feedback lasers lasers with
an index perturbation method 7
2.1 Introduction . . . . . .. . . ... ... . 7
2.2 Theory . . . . . . 9
2.2.1 Modal Intensity Distributions and Gain Thresholds . .. 9
2.2.2 Index-Perturbation Method . . . ... ... ... ... .. 12
2.3 Experiments . . . . . . .. ... 14
2.3.1 Setup . .. ... 14
2.3.2 Symmetric and Asymmetric Lasers . . . . . ... .. .. 15
2.3.3 Polarization-Dependent Grating Strength . . . . . . . .. 17

2.3.4 Higher-Order Mode Operation . . . . . . ... ... ... 19



iv Contents
24 Conclusion . . . . . ... 22
2.5 Acknowledgment . . . ... ... ..o 23

References . . . . . . . . . . . ... 23
Part II: Stability and Noise 27

3 Frequency and Intensity Noise of Er-doped Fiber DFB Lasers 27
3.1 Imtroduction . . . . . . . .. .. Lo 27
3.2 Theory . . . . . . 28

3.2.1 Definitions of RIN, Frequency Noise, and Laser Linewidth 29
3.2.2 C(lassification of Noise Sources . . . . . . ... ... ... 30
3.2.3 A Model for the Interaction Between Gain and RI . . . 31
3.2.4 Interactions with the Laser Frequency . . ... ... .. 35
3.2.5 Schawlow-Townes Noise Limit . . . . ... ... ... .. 40
3.26 Shot Noise . .. ... .. ... ... .. ... ...... 41
3.3 Temperature Fluctuations . . . .. ... . ... ... ...... 42
3.3.1 Ambient Temperature . . . . . ... ... ... ..... 42
3.3.2 Fundamental Thermal Noise . . . . . . ... ... . ... 43
3.4 Acoustical Noise. . . . . . . . . .. ... 46
3.5 Pump Fluctuations . . . . . .. .. ... ... ... 46
3.6 Noise Measurements . . . . . ... ... ... ... .. 93
3.7 Noise Reduction by Feedback to the Pump Laser . . . .. . .. o8
3.8 A Serially Multiplexed Fiber DFB laser Array . . .. ... ... 59
3.8.1 Imtroduction . . . . . .. ..o 99
3.8.2 The Investigated Array . . . . . . . ... ... ... ... 60
3.8.3 Interrogation System . . . . . . ... ... L. 61
3.84 Output Power . . . . ... ... ... ... ... ..., 62
3.8.5 Performance without Feedback to the Pump . . . . . . . 62
3.8.6  Performance with Feedback to the Pump . . . . . . . .. 63
3.9 Conclusion . . . . ... ... .. ... 66
3.10 Acknowledgments . . . . . . .. ... 68
References . . . . . . . . . . .. 68
4 Stability of Distributed Feedback Fiber Lasers with Optical

Feedback 71
4.1 Introduction . . . . . . . .. ... Lo 71
4.2 Experiments and Results . . . . . . ... ... ... 72
4.3 Conclusion . . . . . . ... L 76

References . . . . . . . . . 77



Contents v

5 Stability of an Er—Yb-doped fiber distributed-feedback laser

with external reflections 79
5.1 Introduction . . . . . . . . . . . . ... 79
5.2 Experiment . . . . . ... ... 80
5.3 Conclusion . . . . . . . . . . e 85

References . . . . . . . . . . ... 85

Part I11I: Polarization Modes 87

6 Modeling of polarization mode competition in fiber DFB lasers 87

6.1 Introduction . . . . . . . . .. ..o 87
6.2 Coupled Mode Formulation . . .. ... ... ... ....... 89
6.3 Gain Model . . . .. .. ... 91
6.4 Quantitative measures of gain saturation . . . . .. ... .. .. 94
6.5 Simulation Results . . . . . .. .. ... oL 96
6.5.1 Polarization dependent grating strength . . . . . . . .. 97
6.5.2 Polarization dependent chirp . . . . . . .. ... ... .. 99
6.5.3 Polarization dependent phase error . . . . . . . ... .. 101
6.5.4 Combination of twist and polarization independent phase
<) 0 103
6.5.5 Backreflection . . ... ... ... oL 106
6.5.6  Serial multiplexing, cross-saturation by passing power . . 107
6.6 Conclusion . . . . . . . . ... 108
6.7 Acknowledgments . . . . . . ... ..o 110
Appendixes: . . . . ... 110
6.A Background for the PHB Model . . . . . ... ... ... .... 110
6.B Gain Medium Contributions to Round-trip Gain . . . . . . . .. 111
6.C Numerical Model . . . . . . . ... ... L. 112
References . . . . . . . . . . . 114

7 Polarization Properties of Fiber DFB Lasers Related to Sensor

Applications 117
7.1 Introduction . . . . . . . . .. .. 117
7.2 The Investigated Lasers . . . . .. .. ... ... ... ..... 119
7.3 Response to Transverse Force . . . ... . ... ... ... ... 119
7.4 Response to External Back Reflections . . . . . ... ... ... 125
7.5 Dependence on Pump Polarization . . . . ... ... ... ... 129
7.6 Conclusion . . . ... . ... 133
7.7 Acknowledgment . . . ... ... .. 135
Appendix: . . . . ... 135



vi Contents
References . . . . . . . . . ... 138
Part IV: Sensor Applications 141

8 Polarimetric distributed feedback fiber laser sensor for simul-
taneous strain and temperature measurements 141
8.1 Introduction . . . . . . .. .. ... ... .. ... 141
8.2 Theory . . . . . . . . 144
8.3 Experimental Arrangement . . . . . . ... ... L. 145
84 Results. . . .. ... 147
85 Conclusion . . . . . . . .. ... 151
8.6 Acknowledgement . . . . . .. ... 151
References . . . . . . . . . . . ... 151

9 Intrinsic Distributed Feedback Fibre Laser High Frequency
Hydrophone 155
9.1 Imtroduction . . . . . . . . . . ... 155
9.2 Experimental results . . . .. .. ... ... .. L. 156
9.3 Summary . . . ... 159
References . . . . . . . . . . . ... 159
10 Conclusion 161
References . . . . . . . . . ... 164

Publication List

165



Abstract

Fiber distributed feedback (DFB) lasers have been studied theoretically and
experimentally, with emphasis on properties that are of importance for the use
of these lasers in sensor applications, either as sensing elements or as sources
for interrogation.

In the first part of the thesis we demonstrate a method for characterization of
fiber DFB lasers which is based on scanning a heat-induced index perturbation
along the cavity and recording the induced laser frequency shift. The exper-
imental results reveal that the sensitivity of fiber distributed-feedback laser
sensors with frequency read-out is highly localized near the grating phase-shift
position. It is shown theoretically that the measurements give a good indicator
for the intensity distribution in the cavity. Use of the characterization data to
determine the grating coupling parameter x, the polarization dependence of
k, and birefringence non-uniformities as well as identification of the order of
longitudinal mode operation are discussed and demonstrated experimentally.
Asymmetrically phase-shifted lasers with a highly directional output power are
also investigated.

The second part deals with laser stability and noise. The measured laser
frequency modulation noise ranges from 20 Hz/ VHz at 1 kHz to 1.3 Hz/ VHz
at 1 MHz, with a sharp peak at the relaxation oscillation frequency near 220
kHz. 1/f noise is observed below 1 kHz. Negative feedback to the pump from
a monitor detector reduces the intensity noise to the detection noise level, and
removes the relaxation oscillation noise from the laser frequency. By compar-
ing measured intensity and frequency fluctuations, we estimate the effective
linewidth broadening factor at the relaxation oscillation frequencies of the in-
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vestigated lasers to be between 2.1 and 3.8, as compared to typically between
3 and 7 for semiconductor lasers. The noise performance of four serially mul-
tiplexed fiber DFB lasers are found to be similar to that of the free running
single lasers. We have also investigated the tolerance of fiber DFB lasers to ex-
ternal back-reflections before the onset of instabilities. The tolerable reflection
coefficient is found to decrease with increasing external cavity lengths up to a
few hundred meters, and to be proportional to the relative linewidth (quality
factor) of the relaxation oscillation resonance. The tolerable length of Rayleigh
backscattering fiber varies from 37 to 278 m. UV-induced saturable absorbers
seem to play a role in degrading the laser stability.

The third part is devoted to a theoretical and experimental study of the po-
larization modes of the fiber DFB laser. A comprehensive model for steady state
analysis of polarization mode competition (PMC) is presented. Effects of po-
larization dependent grating strength, back reflections, polarization dependent
grating non-uniformities, twist, Faraday rotation, cross-saturation from serially
multiplexed lasers, pump polarization fluctuations, as well as spatially and po-
larization dependent gain hole-burning are covered by the model. Regimes of
single and dual polarization operation are identified and the modal output pow-
ers and differential gain contributions are investigated versus different types of
polarization imperfections in the cavity. An experimental investigation of how
the PMC and polarization beat frequency depend on localized transverse force
perturbations, back reflections, and changes in pump polarization state is also
carried out. Good agreement is obtained between the experiments and the sim-
ulation model. The noise fluctuations in the polarization beat frequency is also
investigated. Use of a dual polarization laser as a transverse force sensor with
a resolution in the order of 1-100 nN/+/Hz for interrogation frequencies above
20 Hz is demonstrated.

In the forth part we demonstrate the application of the fiber DFB laser for si-
multaneous static temperature and strain measurements, and as a hydrophone
for the 0.1 —1 MHz frequency range. By measuring both the wavelength of one
laser polarization modes and the polarization beat frequency we are able to
determine the strain and temperature with accuracies of +3us and —0.04°C,
respectively. These accuracies are limited by the accuracies of the equipment
used to calibrate the sensor. For the fiber DFB laser hydrophone we demon-
strate a noise equivalent pressure of ~ 93 dB uPa/ VHz. The angular respon-
sivity at 800 kHz has a central lobe with a 3-dB width of 6.4°. This corresponds
to an effective sensitive length of approximately 6mm, which is much shorter
than the DFB grating length of 5 cm.
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Chapter 1

Introduction

1.1 Background

The fiber sensor technology has developed during the past few decades much
as a result of the rapid technological advances made for the telecommunica-
tion industry. Fiber compatible components and tools have become available,
such as diode lasers, fusion splicers, fiber connectors, couplers, and amplifiers.
The erbium doped fiber amplifier (EDFA) [1, 2] is often referred to as the
most important single invention that has boosted the deployment of optical
fiber technology for communication purposes. More recently, the fiber Bragg
grating (FBG) technology [3, 4, 5, 6, 7] has developed to a commercial level.
Due to their high degree of wavelength selectivity and simple in-fiber design,
the FBG technology is expected to become essential in future wavelength di-
vision multiplexed (WDM) communication systems. FBGs are also attractive
for broadband applications, such as dispersion compensation and EDFA gain
flattening.

FBG lasers combine the EDFA and FBG technologies. There is a potential
for the FBG lasers to become an important alternative as light sources for the
telecommunications industry. They offer very narrow linewidths, low temper-
ature dependence of the wavelength, and easy setting of the laser wavelength
during production, and a large tuning range, which is favorable for dense WDM
applications. The facts that they are in-fiber devices and that multiple FBG
lasers can be pumped by a single pump laser may also be favorable.

FBG lasers can be divided into two categories depending on the grating ge-
ometry. The fiber distributed feedback (DFB) laser consists of a continuous
Bragg grating written into an optical fiber containing a gain medium, such as
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Fiber DFB laser .
Lead fiber Passive sensors:
s LTI [ - FBGs
I1SO - Interferometers

Detector

Figure 1.1. Fiber DFB laser used as source for interogation of passive fiber sensors.
WDM, wavelength division multiplexer discriminating between the pump and laser
wavelengths; ISO, optical isolator; FBGs, passive fiber Bragg gratings.

Ert ions [8]. This integration of the gain medium into the grating contrasts
to the distributed Bragg reflector (DBR) geometry where two separate Bragg
grating reflectors are separated by a gain section. If the spatial separation of the
DBR gratings is comparable to or longer than the optical penetration depth into
the gratings, there will be multiple cavity resonances within the grating reflec-
tion bandwidth. It is therefore known that DBR lasers tend to have problems
with multiple longitudinal mode hopping or multimode operation, a problem
that can be reduced by reducing the distance between the gratings. A DFB
laser is essentially a DBR laser where the grating separation has been reduced
to zero [9]. By introducing a 7 grating phase-shift at the center of the grating,
the grating resonance is moved to the center of the grating reflection band,
and the resulting DFB laser can operate very robustly in a single longitudinal
mode.

This thesis is mainly focused on developing an understanding of Er-doped
fiber DFB lasers with emphasis on their properties of importance for fiber-optic
sensor applications.

Fig. 1.1 illustrates how a fiber DFB laser could be applied as a source for in-
terrogation of passive FBG sensors or interferometric sensors. The very narrow
linewidth combined with potentially very accurate strain or temperature tun-
ing allows for interrogation of passive sensors over a large (several nm) optical
wavelength range with high resolution.

Fiber DFB lasers can also be used as a sensor elements on their own [10, 11],
as illustrated in Fig. 1.2. If the lasers are designed in such a way that the
pump absorption per laser is not too high, multiple laser sensors (labelled
DFBI through DFBn in the figure) can be multiplexed in series on a single
fiber. The interrogation system would usually monitor variations in the laser
frequency, which gives a measure for strain and refractive index variations in the
laser fiber. If the laser operates in two polarization modes the beat frequency
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S WDM Lead fiber DFB1 DFB2 DFBn
Pump laser [T ] T e e e 11| e
1SO
Frequency
interrogation

Figure 1.2. Fiber DFB lasers used as sensor elements. WDM, wavelength division
multiplexer discriminating between the pump and laser wavelengths; I1SO, optical
isolator; DFB1 trorough DFBn, serially multiplexed fiber DFB sensor elements.

between the polarization modes can also be monitored, producing a measure
of the birefringence in the laser cavity. The possibility of forming a true single
point two-parameter sensor by combining laser frequency and polarization beat
frequency interrogation is also attractive. For instance, this approach can be
used to remove unwanted temperature dependence from the sensor readout.

The first single longitudinal mode fiber Bragg grating sensor lasers demon-
strated in the literature were DBR lasers [12, 13, 14]. An important advantage
of DFB over DBR sensor lasers is that the DFB lasers are less reluctant to lon-
gitudinal mode hopping due to non-uniform strain perturbations of the cavity.
In many applications the shorter sensitive length of the fiber DFB laser will
also be an desirable.

Fiber DFB laser sensors have many advantages in common with passive
FBG sensors [15], such as compact in-fiber design, a highly localized sensitive
region, and wavelength multiplexing capabilities. Both sensors types are based
on interrogation of a shift in the FBG resonance frequency. The reflection
bandwidth of a passive FBG may typically be in the order of 10 GHz, while
the emission linewidth of fiber DFB lasers is typically in the order of 1 — 10
kHz. Intuitively, this allows for an improvement of the interrogation accuracy
by several orders of magnitude.

1.2 Thesis Outline

This thesis is divided into four parts with a total of 10 chapters. All chapters
except for Chapters 1, 3, and 10 are reproductions of articles or papers that
have been submitted to or are published in journals and conference proceed-
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ings. Each chapter should therefore be self contained, with its own abstract,
introduction and conclusion.

In Part I a method for characterization of the longitudinal dependence of the
sensitivity of the fiber DFB laser frequency to refractive index perturbations
is investigated theoretically and experimentally. We show that the character-
ization results can reveal important information about the laser, such as the
intensity distribution along the laser cavity, the grating strength, and the lon-
gitudinal mode of operation.

Part II is devoted to the investigation of laser noise and stability. Knowledge
of the typical spectral distributions of the relative intensity noise and frequency
noise of fiber DFB lasers is necessary in order to estimate the obtainable dy-
namic resolution of sensor systems employing these lasers. An understanding
of the origins of the laser noise is essential if one wants to reduce the noise
level further. We have found that external back reflections due to Rayleigh
scattering or weak discrete reflections in the lead fiber may lead to instabilities
in fiber DFB laser sensors that are connected to a long lead fiber like in Fig.
1.2.

In Part III the conditions for single or dual polarization mode operation of
fiber DFB lasers is investigated. A comprehensive simulation model is intro-
duced, which covers effects of gain hole-burning, several types of polarization
dependent grating imperfections, as well as external back reflections. Simu-
lation results are shown that illustrate the magnitudes of different types of
polarization imperfection that can be tolerated in order to maintain dual po-
larization operation. Experimental results are presented which were obtained
by applying polarization dependent external reflections to a dual polarization
fiber DFB laser, and by applying a localized transverse force to the DFB phase-
shift position which modifies the phase-shift birefringence. By monitoring the
polarization beat frequency versus the transverse force, we demonstrate that
the laser can be used as a very sensitive transverse force sensor. We also in-
vestigate the sensitivity of the polarization beat frequency to external back
reflections, and the polarization beat frequency noise spectrum is measured.

In Part IV we demonstrate two applications of the fiber DFB laser as a sen-
sor. The first application is of a dual polarization laser for simultaneous static
strain and temperature measurements by interrogating both the laser wave-
length shift and the polarization beat frequency shift. By using this technique
we show that it is possible to eliminate the temperature sensitivity from the
strain measurements and vice versa with a high degree of accuracy. The sec-
ond application demonstrated is of a fiber DFB laser hydrophone for use in
the 0.1 — 1 MHz range. We investigate the sensitivity and angular directivity
of the sensor, and compare the angular directivity with the spatial sensitivity
distribution obtained with the characterization method introduced in Part I.
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Finally, some concluding remarks are given in Chap. 10.
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Part I:
Spatial Sensitivity and Intensity
Distributions

Chapter 2

Characterization of fiber distributed-feedback
lasers with an index perturbation method!

Abstract — We demonstrate characterization of fiber distributed-feedback
lasers by scanning a heat-induced index perturbation along the cavity
and by measuring the induced laser frequency shift. The measured shift
is shown to be a good indicator for the intensity distribution in the
cavity, and the experimental results reveal that the sensitivity of fiber
distributed-feedback laser sensors with frequency read-out is highly lo-
calized near the grating phase-shift position. Use of the characterization
data to determine the grating coupling parameter x, the polarization
dependence of k, and birefringence non-uniformities as well as identi-
fication of the order of longitudinal mode operation are discussed and
demonstrated experimentally. Asymmetrically phase-shifted lasers with
highly directional output are also investigated.

OCIS codes: 140.3430, 140.3510, 140.4780, 230.1480, 050.2770, 060.2370.

2.1 Introduction

The modal intensity distribution within distributed-feedback (DFB) lasers de-
pends distinctly on the order of longitudinal-mode operation, as well as grating
properties such as the grating amplitude and phase. Measurements of modal in-
tensity distributions can therefore be an attractive tool for the characterization

of such devices.

I This chapter is a re-edited version of [E. Rgnnekleiv, M. Ibsen, M. N. Zervas, and R. I. Laming, ” Char-
acterization of fiber distributed-feedback lasers with an index perturbation method”, Appl. Opt., Vol. 38,

pp. 4558-4565, 1999).
© 1999 Optical Society of America
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Few experiments have been reported on spatially resolved measurements of
the lasing conditions within DFB-cavities, and the understanding of the modal
field distributions depends to a high extent on theoretical models that are based
on idealized assumptions. Spatially resolved measurements of spontaneous side-
emission from semiconductor DFB lasers have been demonstrated [1, 2]. These
measurements confirm the existence of spatial gain hole burning, and that
different modes have different spatial intensity distributions. However, little
quantitative information on the properties of the devices could be deduced
from these measurements.

Deduction of the intensity distribution along an Er** fiber DFB laser from
measurements of the green side-emission generated from excited-state absorp-
tion of the 980-nm pump signal has been demonstrated [3]. This method relies
on a good knowledge of the energy transitions involved in the fiber, and it seems
to be restricted to laser operation close to threshold. The method cannot be
used with other pumping schemes or gain media.

A heat-scan technique for characterization of a fiber grating device was first
demonstrated by Margulis et.al. in [4]. They scanned a heating wire along a
fiber used for optical second harmonic (SH) generation. By monitoring the SH
generation efficiency versus heating position they were able to determine the
spatial distribution of the amplitude of a Bragg grating which assisted the
SH generation in the fiber. Characterization of the spatial distribution of the
Bragg wavelength in a chirped fiber Bragg grating with a heat-scan technique
has later been demonstrated in [5]. 2

Spatially resolved measurement of the grating phase and amplitude in a
high reflectivity passive fiber Bragg grating was recently demonstrated [6]. The
measurements were made by scanning a small heat-induced index perturbation
along the grating and recording of the change in transmission at a wavelength
outside the grating stopband.

From microwave theory it is known that one can measure the intensity dis-
tribution in a resonant cavity by moving a small refractive-index perturbation
along the cavity and measuring the resulting shift in resonance frequency [7, 8|.
In this paper we apply this principle, to our knowledge for the first time, to
characterize optical fiber DFB resonators. Parts of the experiments reported
in this paper have earlier been presented in a conference paper [9].

2The references to [5] and [4] were not included in the Applied Optics version of this manuscript. We
apologize for this omission.
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2.2 Theory

2.2.1 Modal Intensity Distributions and Gain Thresholds

When interference between the forward- and backward-propagating field ampli-
tudes Ey and F_, respectively, is taken into account, the local intensity inside
an optical cavity can be expressed as:

|Epe (2)|* = |Eo|* + 2|EL E_| cos (2mznv/c + 6) , (2.1)

where v is the resonating optical frequency, n is the refractive-index of the fiber,
¢ is the speed of light in vacuum, |Eo|> = |E,|* + |E_|* is the mean intensity,
2|EE | is the standing wave intensity modulation amplitude, and 6 is the
standing wave modulation phase. |Eo|*, |E4|*, |E_|* and 6 may all be slowly
varying functions of z.

Figure 2.1 shows the theoretical intensity distributions of the fundamental
mode and the first and second higher order mode pairs in a L = 60 mm index-
coupled DFB structure, obtained by a T-matrix approach [15, 16, 17, 18].3
The illustrated grating has a coupling coefficient of K = 230 m™! and a 7
grating phase-shift at the center. A uniform gain of 4.1 x 1072 dB/m is required
for lasing in the fundamental mode, whereas 22.0 dB/m and 31.5 dB/m are
required for the first and second higher order mode pairs, respectively. The
fundamental mode in this case is the mode operating at the Bragg resonance
frequency vprqge. For the illustrated xL-product of 13.8, the first and second
higher-order mode pairs are found to operate at Vi1 = Vppqagy £ 1.086v,k/(27)
and Viyp = VUppegg £ 1.111v4k/(27), respectively, i.e., close to the stopband
edges of the uniform grating, defined as vp.4 + vyr/(27).* Here v, is the
group velocity of the uncoupled waveguide.

In the more general case, one may consider an asymmetrically phase-shifted
DFB laser of length L with the phase-shift positioned at z = —AL/2 relative
to the grating center z = 0. For such a laser the following approximations are
valid, provided that the left and right sub-gratings are both relatively strong,
ie. k|L—AL| 2 1:

coshk (L +2z)
B> ~ 2.2
ol Ocoshk (L F AL)’ (22)
sinh x (L + 2z)
2B E | ~ 2.3
B E- | ®cosh (L F AL)’ (23)

3 A more detailed description of the T-matrix DFB laser model is given in Chap. 6, which is a re-edited
version of [18].

In the Applied Optics version of the present chapter, a wrong reference number was used for [18]. We have
here also added references to some early papers [15, 16, 11] where T-matrixes for optical Bragg grating and
DFB laser modelling are introduced.

4In the original paper, the factor 1/(27) is missing in the expressions for the mode frequency spacing and
the stop-band width. The expressions given here are correct.
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Figure 2.1. Theoretical intensity distribution |E0|2 in a 60 mm laser with x = 230m~!
for the fundamental and first and second higher order modes.

where the upper signs apply for —L/2 < z < —AL/2. P, is the intensity |Eo|*
at z = —AL/2.

Figure 2.2 shows the exact distributions of |Eo|?, 2|E E_|, |E{|?, and |E_|?,
calculated by the T-matrix approach, for an asymmetric laser with k. = 8 and
kAL = 2. As we explain in Subsection 2.2.2 below, the characterization method
proposed in this paper produces a measure for the distribution of standing wave
intensity amplitude 2|E, F_|. From Fig. 2.2 and from expressions (2.2) and
(2.3) one see that |Eo|* ~ 2|E,E_| ~ exp2k|z + AL/2| at distances that are
separated > x~! from the grating ends. This implies that the characterization
method also produces a good estimate for the mean intensity distribution. It
also implies that x can be found easily from measurements of the exponential
decay rate of 2|E,E_| or |Ep|* within the cavity.

The left to right output power ratio from the laser can be approximated from
Eq. (2.2) as:

Beft _ |E(_L/2)|2
Prigne  |E(L/2))
An asymmetric 7 phase-shifted grating thus provides a simple way to make
a laser with directional output power. This method was first demonstrated

for fiber DFB lasers by movement of a thermally induced 7 phase-shift along
a laser grating [10], yielding left to right output ratios of the order of 3-4.

~ exp (2kAL) (2.4)
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Figure 2.2. Theoretical distributions of |E.|?, |E_|?, |E,FE_| and
|Eol? = |EL|? + |E_|?, calculated by the T-matrix approach, for an asymmetric
laser with kL = 8 and KAL = 2.

The method has also been discussed in a later publication [11]. The exact
numerical calculations, assuming uniform gain distributions, show that Eq.
(2.4) is a good approximation for grating parameters relevant for fiber lasers.
For k(L — AL) > 2 and P/ Prigne < 60 dB the estimation error is within
+0.01 dB. For semiconductor lasers, k(L —AL) > 0.5 and Pes/Prignt < 20 dB
are more realistic, resulting in estimation errors that are within +1.7 dB.

The intensity in the higher order modes may be interpreted as an interference
between the two eigen-solutions of the coupled-mode equations. The difference
in phase-propagation constants for these solutions result in sine-shaped inten-
sity distributions at each side of the phase-shift discontinuity, as seen for the
first and second order modes in Fig. 2.1. The number of peaks and troughs in
the intensity distribution increases with the modal order.

For all modes the gain thresholds decrease with increasing kL. Our calcu-
lations show that grating phase imperfections generally reduces the thresh-
old further for some of the higher order modes, while the fundamental mode
threshold increases. Nonlinear index changes, which may for instance be due to
self heating in the cavity, or to gain-dependent index changes, will contribute
to such grating phase errors. Spatial gain hole-burning in combination with
non-linear refractive-index changes may therefore lead to multiple-longitudinal-
mode operation in high xL gratings, as discussed in other publications [1, 12].
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In semiconductor lasers the gain differences that are due to hole-burning can
be great, and multi-mode operation has been observed for grating strengths
well below L = 2.5 [1, 2, 12].

Few studies have been made of the robustness of single longitudinal-mode
operation in fiber DFB-lasers. Since the available single-pass gain in these lasers
is relatively low, x L-products in the range from 5 to 10 are typically required to
obtain threshold for the fundamental mode. For many applications it may be
desirable to increase kL further. First, the sensitivity to external back reflec-
tions is expected to decrease with increasing xL [13]. Second, the Schawlow-
Townes noise limit, which is believed to determine the laser phase noise at
high frequencies [14], decreases with increasing s and increasing L. Third, dual
polarization lasers, which are interesting for polarimetric sensor applications,
have been shown theoretically to be more robustly dual polarization for high
kL-values [18]. In Subsection 2.3.4 of this paper we report on a DFB-laser with
k and L similar to the one modelled in Fig. 2.1 that was found to operate in a
higher order mode. It is believed that the characterization method presented in
this paper can be a useful tool for further investigations of longitudinal-mode
competition in fiber DFB lasers.

2.2.2 Index-Perturbation Method

The index perturbation theory for resonant electromagnetic cavities [7, 8] states

that a perturbation én of the refractive-index within a small region 6z of a

cavity will result in a small shift év of the resonance frequency v, given by:
v 616z |Eipe (2)|? (25)
v 0 1B (F & |

Cavity

Here 2 is the position of the perturbation and |Ej. (2)|° is the local intensity
at position z; c.f. Eq. (2.1). Equation (2.5) shows that év is proportional to
the intensity at the perturbation point and to the induced round-trip phase
perturbation ¢ = 4w éndzv/ec.

Both Cunliffe and Mathias [7] and Casimir [8] have deduced Eq. (2.5) (in
slightly different 3-dimensional forms) for a gainless and lossless cavity medium
with discrete and perfectly reflecting boundaries. This corresponds to zero net
transport of energy within the cavity, implying that |E, |*> = |E_|* everywhere.
When the perturbed region is much larger than one standing wave period
(62> ne/v), |Eiee|” may therefore be replaced by 2|ELE_| = |E,|? + |E_|? =
|Eo|* in their treatment.

In a laser, there will always be transport of energy towards the output ports,
ie. |E|* # |E_|*. We have made exact numerical calculations of the pertur-
bation sensitivity of the fundamental mode in 7 phase-shifted DFB lasers with
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varying kL-products. A T-matrix approach, which is valid for 6z > nc/v, was
used for the calculations. The results show an exact agreement with Eq. (2.5),
provided that 2|E, E_| is substituted for |Ej.|* in Eq. (2.5). An intuitive way
of understanding this result, is by observing that 2|E, E_| constitutes the non-
propagating (or recirculating) portion of the cavity intensity, being independent
on power transport to the output ports.

Only perturbations of the cavity volume at the boundary is discussed in
the paper by Cunliffe and Mathias [7]. An interesting discussion of the case
with almost degenerate modes is however included. Casimir [8] generalizes the
derivation to also include perturbations of the refractive-index within the cav-
ity.

We have investigated the validity of Eq. (2.5) for DFB lasers numerically by
the T-matrix approach. Based on the conditions stated by Cunliffe and Mathias
[7] and Casimir [8], the following limitations have been identified:

1. The perturbation magnitude should be small. In practice this means that
the round-trip phase perturbation é¢ should be well below 1 rad, and that
ov should be much smaller than the spacing to other cavity modes.

2. The perturbation must not, to the first order in d¢, introduce coupling
between laser modes. That is, the perturbation of the global field distri-
bution must be small to the first order in é¢. This will generally be true
if the mode investigated is not close to degeneration with other modes.

The last condition is generally not well satisfied for the DFB modes. However,
as mentioned above, the numerically calculated response for the fundamental
mode of ideal DFB lasers are found to be in exact agreement with Eq. (2.5),
independent on kL, when substituting |2E, E_| for |Ej.|?. This result is be-
lieved to be related to the symmetry of the higher order modes relative to
the fundamental mode. That is: any frequency shift due to coupling to the +1
mode is exactly compensated by coupling to the —1 mode, etc. The perturba-
tion responses for the first and second higher order modes have been calculated
for kL-values ranging from 1 to 18, yielding deviations from Eq. (2.5) (with
|2E, E_| substituted for |Ej,.|?) that are maximum £6.5 % of the response at
the most sensitive position. Also, non-ideal DFB structures that incorporate
grating chirp or other non-uniformities, seem to have sensitivity distributions
that are very similar to the actual intensity distributions.
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Total Assym-  Longit. Ratio  Mea-  Wave-
Laser length metry mode  Fyp/ sured length Fig.
Number L (mm) AL (mm) order Py # (m™!) (nm)

1 40 0 0 1:1 230 1549 4

2 40 10 0 600:1 230 1549 4

3 20 0 0 — 230 1549 )

3 a a : _
modified 45+1 o+l 0 33:1 230 1549

4 60 0 -1 — —b 1533 6

Table 2.1. Overview of the Lasers Characterized in this Paper.

The stated L and AL do not take into account possible annealing near the
right-hand grating end during fusion splicing.

®The value of k here is expected to be similar to the other lasers because the same
UV-exposure level was used.

2.3 Experiments

2.3.1 Setup

The index perturbation sensitivities of four fiber DFB lasers, operating in the
1550-nm band and pumped at 1480 nm, were investigated using the setup
shown in Fig. 2.3. An overview of the lasers is given in Table 2.1. Heat from a
halogen lamp was focused onto a short length 6z = 1-2 mm of the laser. Length
0z determines the spatial resolution of the measurement. The bare fiber had
been coated by black ink to improve the heat absorption. A fiber with an Er?*—
Yb3"-doped core and a B-Ge-doped photosensitive ring outside the core [19]
was used for the lasers.

To minimize effects of ambient temperature fluctuations, we placed the laser
close to an aluminium surface. We monitored the lasing frequency by passing
the laser output through a scanning Fabry-Perot cavity with a spectral res-
olution of 1.2 MHz and onto a detector. As the heating position was moved
along the fiber, the heat was turned on and off with a shutter, and the resulting
frequency shift was recorded.

The exact magnitude of the heat-induced round-trip phase-shift 6¢ could
not be measured directly. 6¢ can, however, be determined from the measured
distribution of év, for instance by integration of both sides of Eq. (2.5) which
thus eliminates the intensity from the expression.

The smallest frequency that could be resolved in the experiment was of the
order of 10-30 MHz, limited by random fluctuations in the laser frequency,
probably as a result of fluctuations in the ambient temperature and the pump
power. Nonuniformities in the black ink coating or in the thermal contact be-
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Figure 2.3. Setup for characterizing the phase perturbation sensitivity distribution:
WDM, Wavelength division multiplexer; FP, Fabry-Perot interferometer; Det., de-
tector; Sig. gen., signal generator.

tween the fiber and the aluminium may have caused some z dependence of

5.

2.3.2  Symmetric and Asymmetric Lasers

Figure 2.4 shows the measured heat perturbation responses, indicated as squares
and circles, for the symmetric laser #1 and the asymmetric laser #2. Both de-
vices lased in two polarizations at wavelengths close to 1549 nm. To within
the measurement accuracy, no difference could be observed between the heat-
induced perturbation responses of the two polarization modes.

In laser #2, the permanent grating phase-shift was offset by -5 mm from
the center, giving a length difference AL = 10 mm between the right and left
sub-gratings. The corresponding shift in the peak response for that grating is
clearly seen from the measurements.

Since the gratings were produced with equal UV-exposures, equal grating
strengths are expected. That the grating strengths are equal is confirmed by
the measured responses, which both decay exponentially from the phase-shift
positions with decay rates corresponding to an effective grating strength of
k =230 m~! 4+ 10 %. Calculated heating responses, assuming x = 230 m—* and
d¢ = 0.53 rad, are shown as curves in Fig. 2.4. From the UV spot-size used for
the grating production, the extension of the permanently phase-shifted region
is estimated to be less than 100 pm, which is much less than the 6z ~2 mm
spatial resolution of the measurements.
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Figure 2.4. Laser frequency responses to heat scans measured for the symmetric laser
#1 (squares) and asymmetric laser #2 (circles), both with 40-mm gratings. The lines
show calculated responses for §¢ =0.53 rad and x =230 m~".

When a pump power of 83 mW at 1480 nm was launched into the lasers,
the total left + right output powers were 470 W from laser #1 and 30 yW
from laser #2, corrected for losses in the wavelength-division multiplexer and
the isolator. The left to right output power ratios were 1:1 for laser #1 and
600:1 (£10%) for laser #2. The latter ratio is 6 times higher than predicted
by expression (2.4), corresponding to a kAL product that is 39 % higher than
expected. The reason for this discrepancy is not clear, but it may be related to
grating imperfections that cause nonideal intensity distributions in the regions
near the grating ends. In these regions év was too small to be resolved by the
measurements. Contributions to the power ratios from amplification outside the
gratings should be ineligible, as the Er—Yb-fiber was spliced with good quality
splices to standard telecom fiber less than 10 mm from the grating ends. The
low power efficiency from the asymmetric device can be attributed to the short
length and low reflectivity of the left-hand sub-grating [11], causing a higher
threshold and reduced slope efficiency.

We obtained a better agreement with theory by cutting the symmetric 50
mm laser #3 (described in the next Subsection 2.3.3) 54+1 mm from its left end
and fusion-splicing it back onto a standard telecom fiber. A total output power
of 450 uW at 83-mW pump was obtained with a left-to-right output power
ratio of 33. Assuming x = 230 m~!, this corresponds to an effective AL of 7.6
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mm. The 2.64+1 mm increase in AL compared to what was cut off is probably
due to excessive heating near the left-hand grating end during fusion splicing,
annealing out the index modulation.

2.3.8 Polarization-Dependent Grating Strength

[EEY
o O

- 6VB, - 0v (GH2)
e
o

- 6vB (GH2)

100 —4 - g
-25 -20 -10 0 10 20 25
Heating position z (mm)

Figure 2.5. (a) Laser frequency and polarization beat frequency responses to heat
scan measured for the dual polarization 50-mm DFB laser #3. Upper curve, the cal-
culated laser frequency response év. The other curves show calculated beat frequency
responses Ovp for three values Ak/k, assuming z-independence of B. Dashed curve
indicates —6vp < 0. (b) Measured (circles) and calculated (lines) beat frequency re-
sponses Ov g for two different distributions of B(z) when Ax = 0. For all calculations
in both (a) and (b) §¢ =0.53rad and x =230m~! was assumed.

The squares in Fig. 2.5 (a) shows the measured response év of the laser fre-
quency to a heat perturbation along symmetric 50-mm laser #3. This laser
also operated in two polarizations operating at 1549 nm and produced under
practically identical conditions to lasers #1 and #2. Again, the measured re-



18 Part I: Spatial Sensitivity and Intensity Distributions

sponse fits the calculated response well when x = 230 m~! and §¢ = 0.53 rad
are assumed.

By replacing the Fabry-Perot interferometer in Fig. 2.3 with a polarizer and
monitoring the detected signal on an rf spectrum analyzer, we measured the
polarization beat frequency of laser #3 to be vg = 971 MHz, corresponding to
a birefringence of B = n, —n, = 7.11- 1075, The heat perturbation response
ovp of the beat frequency was also measured and is plotted as circles in Fig.
2.5 (a).

Two contributions to évp can be identified. The first contribution comes
from the polarization dependence ¢ of the heat-induced round-trip phase
perturbation and should be proportional to év. The second contribution arises
from differences in the spatial distributions of the index perturbation sensi-
tivities of the two modes, which corresponds to different shapes of the modal
intensity distributions. This difference may either be due to a polarization de-
pendence Ak of the grating coupling coefficient or to polarization dependent
grating phase nonuniformities. Such phase nonuniformities are equivalent to a
z dependence of the fiber birefringence B. Because the measured év and évpg
are not proportional [c.f. Fig. 2.5 (a)], it seems clear that the difference in
sensitivity distributions is significant in determining év 5 for this laser.

If B is assumed to be z independent, the polarization dependence Ak of k
may be deduced from the measurements. The three bottom curves in Fig. 2.5
(a) show the calculated évp for different (z independent) values for Ax/k. A
good fit to the measured data is found for Ax/k = 0.1%, corresponding to a
Bragg modulation of the birefringence with an amplitude of AB = Ar\/7 =
1.14 - 1077, where A\ = 1549 nm.

Alternatively, if Ak is assumed to be zero, the z dependence of B can in
principle be deduced from the measurements. One complicating question in this
case is, however, to which degree ¢ 5(2) will be dependent on B(z). If variations
in B(z) arise from variable thermal stresses in the fiber [20], a proportional
relation ¢z o B is believed to be realistic. The temperature dependence of
other possible contributions to B(z), for example, UV-induced birefringence,
is not so well understood, and it cannot be clearly determined whether 6¢ 5 is
z dependent.

Figure 2.5 (b) shows two different solutions obtained for B(z), assuming
either 6¢5 x B or 6¢p5 = constant. A manual curve fitting procedure was used
in which we adjusted the shape of B(z) until the calculated curves for évp
matched the measured data to within reasonable error margins. For 6¢, =
constant a second solution for B(z) exists that is similar to the one shown but

mirrored about the line B = 0.71 - 1075. No similar second solution can be
found for 6¢ 5 ox B.
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For simplicity, it was assumed that only n, depends linearly on B(z) in the
calculations, while n, was kept constant. This introduces grating phase errors
in the x-polarized mode only, leading to a slightly wider spatial distribution of
the index perturbation sensitivity for that mode. Practically the same solutions
for B(z) is obtained when we assume that both n, and n, are z dependent,
provided that a small error in the permanent grating phase-shift at z = 0 is
assumed.

The birefringence non-uniformities shown in Fig. 2.5 (b) are both larger in
amplitude and much more localized than expected for the fiber used. UV-
induced birefringence fluctuations of such a magnitudes are not likely, as the
grating was produced by pulsed UV-laser scanning fiber technique in which the
grating phase is directly controlled by the timing of the UV pulses relative to
fiber’s position as the fiber is scanned through a spot made from interfering
UV-beams. This eliminates the need for extra UV-exposure in the phase-shifted
region. It may therefore be concluded that the observed variations in évpg/év
most probably is due to a polarization dependence of the grating strength by
0.1 %, illustrated in Fig. 2.5 (a).

Note that the multiple solutions in Fig. 2.5 (b) imply that Ax cannot be
easily deduced from measurements of dvp if B(z) is not known in advance to
some accuracy. Methods have been demonstrated for measuring fiber birefrin-
gence with potentially high spatial resolution [21] and could be used for this
purpose.

UV-induced birefringence in low birefringence Ge-doped fibers ranging up
to 8 % of the total index change, depending on the polarization of the UV
beam, have been reported [22]. Similar values for Ax/x should thus be possible.
When we wrote the DFB-gratings characterized in this paper, the UV light
was polarized approximately parallel to the fiber axis to minimize UV-induced
birefringence. The remaining birefringence modulation AB, may be due to a
small remaining component of the UV polarization orthogonal to the fiber axis,
or to an asymmetric UV exposure of the photo-sensitized ring owing to the large
amount of UV absorption in silica.

2.3.4 Higher-Order Mode Operation

The squares in Fig. 2.6 (a) show the measured response év of the laser frequency
to heat perturbation along symmetric L = 60 mm laser #4 operating at 1533
nm. From the UV-exposure used, & is expected to be 230 m~ also for this laser,
giving a rather large kL product of 13.8. It seems clear from the measurements
that the laser operates in a higher order mode. We believed that the observed
mode is of the first order, since the gain thresholds generally are expected to
increase with modal order, c.f. Subsection 2.2.1. The relatively small width of
the dip in év near z = 0 also supports this conclusion.
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Figure 2.6. (a) Laser frequency response (squares) to heat scan measured for 60-mm
DFB laser #4 with similar grating parameters to those characterized in Figures 3
and 4. Calculated responses of the +1- (solid curves) and —1- (dotted curves) order
modes with ¢ = 0.2 rad are also shown. (b) Measured output power from the left
end Py, (crosses) and calculated threshold gain for the +1 (solid curves) and -1
(dotted curves) order modes plotted versus heating position when §¢ = 0.2 rad.
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The calculated frequency responses of the +1- and —1-order modes to a
perturbation of 6¢ = 0.2 rad are also shown in the figure. These responses are
not identical, as they would be for much smaller perturbations. This difference
is due to the very close frequency spacing of the first and second order modes,
leading to a highly non-linear relationship between ¢ and év, c.f. requirement
1. in Subsection 2.2.2 [7]. When 6¢ increased, the calculated maximum value of
the —1 mode response saturated towards 0.09 GHz for 6¢ 2 0.7rad. This is well
below the measured maximum of 0.19 GHz, indicating that the characterized
mode is of the +1 order.

The left output power from the unperturbed laser was P = 120 uW, cor-
rected for losses in the wavelength-division multiplexer and isolator. However,
Pes: was found to be strongly affected by the position of the heat-perturbation,
as can be seen from Fig. 2.6 (b) (crosses). At the heating positions z = —23.5
mm and +17.5 mm the laser is brought just below threshold while the power
increases by 85 % compared to the unperturbed situation at z = —8 mm.
This variation in output power with heating position may explain the discrep-
ancy between theory and experiment in Fig. 2.6 (a), as the laser frequency is
expected to decrease with increasing lasing power due to heating of the cav-
ity from non-radiative losses at the lasing wavelength and conversion between
pump and laser photon energies. The deviations between the measurements and
the simulated +1-mode response in Fig. 2.6 (a) correlates well with the observed
variations in output power. When we varied the lasing power by changing the
pump power, a frequency shift of 0.87 MHz per uW of output power could be
observed. Some of this shift may be due to non-radiative losses at the pump
wavelength. The discrepancy from theory seen in Fig. 2.6 (a) corresponds to a
shift of 0.4-0.6 MHz/uW.

The fundamental mode would also be expected to lase in this device, because
the gain threshold for this mode should normally be much lower than for the
higher-order modes. However, the fundamental mode could not be observed
with the Fabry Perot interferometer, possibly partly because of asymmetric
grating imperfections that could have caused most of the fundamental mode
output power to exit at the right-hand end, which was not monitored in the
experiment. The asymmetric shape of the measured response in Fig. 2.6 (a)
supports this explanation. Competition with the higher order mode may also
play a role in reducing the fundamental mode lasing power. Further, any losses
within the cavity would reduce the slope efficiency much more for the funda-
mental mode than for the higher order mode because of the high cold-cavity Q
factor of the fundamental mode.

The calculated threshold gain versus heating position for the +1 and —1 order
modes are also shown in Fig. 2.6 (b). Again there is a qualitative agreement
between the calculated +1-order mode threshold and the measured output
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power. The maximum gain of the fiber used, measured before UV-exposure
and with 1480 nm pumping, was 15.2+1 dB/m at the laser wavelength. This is
below the calculated and plotted threshold gains, which are in the range from
18 to 30 dB/m. Distributed grating phase errors may, however, bring the +1
order mode threshold down below 15 dB/m without changing the qualitative
shape of the perturbation response. Such phase errors could arise from self
heating owing to circulating high intensities in the fundamental mode near
z=0.

2.4 Conclusion

A heat-scan technique for characterization of DFB lasers has been demon-
strated experimentally and investigated numerically and through comparison
with an existing perturbation theory for electromagnetic resonators [7, 8]. Both
the theory and the obtained numerical results indicate that the perturbation
sensitivity will to a large extent be proportional to the modal intensity distri-
bution.

Grating properties such as the coupling parameter x, the polarization de-
pendence Ak of k, and the position of the grating phase-shift can be deduced
from the measured heating sensitivity distributions v and v 5. Because the per-
turbation sensitivity depends on both the s distribution and the grating phase
distribution, one generally needs to know none one of these distributions is in
general required to determine the other. For instance, to deduce x(z) from the
measured Av(z) in Figs. 2.4 and 2.5, we had to assume a perfect grating phase.
There is a similar relation between the abilities to determine Ax(z) or B(z)
from Avg(z), as illustrated by the different beat-frequency simulations in Fig.
2.5 (a) and (b).

Without a priori knowledge of any of the grating parameters, the method
still reveals the shape of the modal intensity distributions with good accuracy.
This information is directly related to important topics such as the cold cavity
Q factor, gain thresholds, pump efficiencies and non-linear effects such as gain
hole burning, gain-dependent refractive-index changes and Kerr nonlinearities.

The experimental setup described in this paper is relatively simple, and easy
to implement. Significant improvement in accuracy is however expected with a
more refined setup. Better temperature stabilization of the laser, for instance
by immersion of the laser into a liquid with a high specific heat capacity, would
reduce both the random frequency noise and the systematic errors related to
self-heating of the laser discussed in Subsection 2.3.4.

If the heat perturbation technique is to be used to characterize semiconductor
DFB lasers, a much more localized heating spot would be required, because of
the much smaller dimensions of the devices. This type of heating spot could
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be achieved by use of a focused laser beam for the heating. A relatively high
heat-modulation frequency would probably be required to avoid broadening of
the heated region by thermal diffusion.

An important application of the heat perturbation method is characterization
of the spatial sensitivity distribution of fiber laser sensors with laser frequency
readout, polarization beat frequency readout, or both [23]. Theoretically, the
sensitivity of such DFB-lasers will decay from the center position proportion-
ally to exp(—2k|z|), giving an effective sensitive length of x~!. The sensitivity
distribution of polarimetric sensors may, however, deviate significantly from
the ideal case in the presence of a moderate polarization dependence of the
grating strength or with non-uniform birefringence distributions, as illustrated
by the simulated curves in Fig. 2.5.
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Part II:
Stability and Noise

Chapter 3

Frequency and Intensity Noise of Er-doped
Fiber DFB Lasers

Abstract — The relative intensity (RIN) and optical frequency (Vims)
noise of Er-doped fiber DFB lasers are investigated theoretically and ex-
perimentally. For a free running 1480-nm pumped fiber DFB laser with
170 W output power we observe a typical RIN floor of —118 dB Hz~/?
for frequencies above 10 Hz, with a strong relaxation oscillation resonance
peak reaching a peak value of —77 dB Hz /2 at 222 kHz. The measured
Vems Tanges from 26 dB Hz/v/Hz at 1 kHz to 2 dB Hz/v/Hz at 1 MHz,
with a sharp peak at the relaxation oscillation frequency. Below 1 kHz 1/ f
noise is observed in the laser frequency measurements. Negative feedback
to the pump from a monitor detector reduces the RIN to the detection
noise level, while the relaxation oscillation noise peak is removed from
Vems- By comparing measured intensity and frequency fluctuations, we
estimate the effective linewidth broadening factor at the relaxation os-
cillation frequencies of the investigated lasers to be between 2.1 and 3.8,
as compared to typically between 3 and 7 for semiconductor lasers. The
noise performance of four serially multiplexed fiber DFB lasers are found
to be similar to that of the free running single lasers.

3.1 Introduction

The accuracy of optical sensors, such as interferometers, fiber Bragg grating
sensors and high-resolution spectroscopic sensors, are in many cases limited
by the accuracy by which the optical frequency of the interrogating source
can be controlled or stabilized. Some of the most accurate sources known on
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the market today are ring-cavity Nd:YAG lasers [1] and Er:Yb-doped bulk
glass lasers [2, 3]. Compared to single frequency fiber lasers these sources are
relatively complicated to maintain and produce. They are also space consuming,
and not easily tunable over large frequency ranges.

Fiber lasers can also be used as sensing elements, as demonstrated in [4, 5, 6],
as well as in Chapters 7, 8, and 9. The optical pumping and frequency interro-
gation systems may then be situated far from the sensor lasers. The ultimate
sensor accuracy will also in this case be limited by the intrinsic frequency noise
of the lasers. It is therefore of interest to investigate the typical noise level
of such lasers, and to investigate the origins of this noise in order to identify
possible routes towards a further reduction of the noise.

Degrading of sensor accuracy due to source intensity noise can in principle be
eliminated, for instance by monitoring the source power on a separate detector
or by use of balanced interference detection schemes. However, these techniques
tend to complicate the sensor design. Furthermore, parts of the laser frequency
noise may actually arise from the intensity noise through thermal effects and the
linewidth enhancement factor of the gain medium. Furthermore, It is therefore
also of interest to investigate the intensity noise characteristics of the fiber DFB
lasers.

This chapter is organized as follows: A theoretical framework for the study
of laser noise and noise generating mechanisms is presented in Sec. 3.2. The
aspects of thermally and acoustically induced noise in fiber DFB lasers are
reviewed in Secs. 3.3 and 3.4, respectively. In Sec. 3.5 we characterize the sen-
sitivity of the intensity and optical frequency of a fiber DFB laser to pump
modulation, and we discuss the mechanisms causing this sensitivity. Measure-
ments of the intensity and frequency modulation noise spectra from the lasers
are presented in Sec. 3.6, while active noise suppression by applying negative
feedback from the fiber laser output to the pump laser drive current is inves-
tigated in Sec. 3.7. The noise performance of serially multiplexed fiber DFB
lasers is investigated experimentally in Sec. 3.8. Sec. 3.9 contains some con-
cluding remarks.

3.2 Theory

A general theoretical framework for the study of laser intensity and frequency
noise can be found in standard textbooks [7]. A purpose of this section is to
define parameters and derive relations that can be related directly to the fiber
DFB laser parameters.
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3.2.1 Definitions of RIN, Frequency Noise, and Laser Linewidth

We let A(t) = |A(t)| exp(27v(t)) represent the complex optical field amplitude
of the laser output as a function of time ¢, where v(t) = vo + Av(t) = vy +
do,/(2mdt) is the instantaneous laser frequency. vy is the mean laser frequency,
while Av(t) = d¢,/(2mdt) represent the time dependent frequency fluctuations.
¢,(t) is the time-dependent optical phase fluctuations.

The relative fluctuations in the laser output power P(t) = |A(t)|* is de-
fined as RI = P(t)/P, — 1, where P, = (P(t)) is the mean output power.
The operator (-) here means taking the average or expectation value. The rel-
ative intensity noise RIN(f) (expressed in Hz~'/2) is defined by the relation
RIN?*(f) = (|RI*(f)|), which expresses the power spectral density of RI(t)
versus the electrical frequency f at which the noise is monitored.

The optical frequency noise Vyn,(f) (expressed in Hz/v/Hz) is defined is
defined by the relation v2,,.(f) = (|Av?(f)|), which expresses the power spec-
tral density of Av(t). The phase noise density ¢,, . (expressed in rad/v/Hz) is
related t0 Vs BY @rms = Vims/ f-

The power spectral density |A(v)|* of the laser output field depends both on
the phase ¢,,..(f) and RIN noise spectra of the laser. In most cases, however,
Gyims () will dominate over the RIN. From Fourier theory we know that |A(v)|?
is the Fourier transform of the auto-correlation function (A(t)A(t + 7)). For
the case where the RIN is negligible, Weissman shows in [8] that (for a noise
process obeying Gaussian statistics) the auto-correlation function takes the
form:

| 2

rms

| 2

(A)A(t+ 7)) = (JA®)]?) e A2 (3.1)

where A(T) = ([¢, (t + T) — ¢, (t)]?) represents the variance of the interference
phase that would arise in an interferometer with delay 7.
If we assume v,.,,s to be independent on f (white noise), ¢,(t) = 27 fg (v(t)—

uo)df represents a “random walk process”. We then find:

A(r) = (g (t+7) =, (O)])

— <{ /t M om (7) dir> = 4n’m?,,,. (3:2)

The laser coherence time 7., is often defined as the interferometer delay time
7 for which (A(t)A(t + 7)) has dropped to e 2 of its maximum value. (3.1) and
(3.2) then implies:

Tcoh = (ﬂ-Vrms)72 (33)

Inserting (3.2) into (3.1) and transforming to the frequency domain results in
the following Lorenzian form of |A(v)|?:
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A(vo)|?

A(w)* = | 4

AWl 1+ (v —v)?/Avi,p’ (3.4)

where, Avsyp is the laser full-width-half-maximum linewidth, defined as:
AVzap = (TTeon) | = T2 . (3.5)

In practice, (3.4) and (3.5) will produce good approximations for |A(v)|?,
provided that v,.,s(f) is flat up to a few octaves above f = Awvssp. More
precisely stated: The contributions from deviations from a flat spectrum in
Vems(f) to the integral [° (Vyms(f)/ f )* df should be negligible.

For a free running fiber laser (without active feedback for intensity stabiliza-
tion), RIN and frequency noise at the relaxation oscillation frequency f,. will
usually lead to sidebands in the optical spectrum |A(v)|? at v = vo £ f,. For
large relaxation oscillation amplitudes (2 10 % modulation depth), higher or-
der sidebands may also be observed at v =votk f,, (k =1, 2, ---). Typically,
fr = 100 — 500 kHz for Er®*-doped fiber DFB lasers. If the laser is self pulsing
(100 % modulation depth), the effects of RIN on the shape of |A(v)|? will be
significant, and (3.4, 3.5) will not be valid.

Vems Will usually increase at low frequencies f due to ambient temperature
drift, acoustical vibrations, etc. In semiconductor and solid state (Nd:YAG)
lasers, 1/f noise processes of less understood origins are also known to play a
role. Usually, one does not want to include the long-term frequency drift in the
calculation of Avsgp. One solution to this problem is to maintain the definition
(A(t)A(t + Teon)) = 1/e given above for the coherence time 7., and use (3.5)
as a definition for the 3-dB bandwidth. Alternatively, one may define Avzyp
as the full-width-half-maximum of |A(v)|* averaged over a specified recording
time. With both definitions, vy will be time-dependent on long time-scales.

3.2.2  Classification of Noise Sources

The origins of RIN and laser frequency noise can be classified into four cate-
gories:

1. Spontaneous emission seeding of the laser operation, represented by a
white noise source of spectral power density e, (W/Hz) radiating into
the cavity. The complex field amplitude e, (t) of the spontaneous emission
is added to the existing field M ~Y2A(t) in the cavity, where M is the laser
mirror transmissivity to the output port. The resulting perturbations of
the relative amplitude RI/2 and the phase ¢, are not correlated, but
with equal rms magnitudes ey,(M/P,)'/2. The field perturbations are
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integrated over time due to the recirculation in the cavity every roundtrip
time 7,;. The field perturbations d|A|/dt and d¢,/dt resulting from this
integration is called the Langevin force [7].

2. Optical resonance frequency perturbations of the cold cavity causing a
direct contribution to Av. By ”cold cavity” we mean the cavity, including
possible back reflections from the lead fiber, but excluding the effects
of the active gain medium. The resonance frequency perturbations may
originate from external thermal or mechanical perturbations.

3. Loss perturbations of the cold cavity, represented by a modulation Aa,
of the roundtrip loss in absence of active gain (defined more precisely be-
low). Such loss perturbations could originate from random fluctuations
in saturable absorber losses, or by randomly varying external back reflec-
tions. The loss integrates over time into a RI contribution.

4. Pump efficiency perturbations, which may be due to fluctuations in the
relative intensity [R1,, center wavelength, or polarization state of the
pump. These fluctuations will lead to fluctuations Ag,; in the roundtrip
gain contributed from the active gain medium. (Ag,; is defined more
precisely below).

The RI and v, (or ¢,) observed at the output from the laser will gener-
ally be different from the input signals discussed above, due to feedback and
interactions between the gain, loss, intensity, and resonance frequency. These
interactions will be discussed in the following sub-sections.

3.2.8 A Model for the Interaction Between Gain and RI

The small-signal interaction between the active gain medium and the RI can
be described by the following rate equations:

dRI Agrt — Nay + 2(M/P,) e,

dt Trt
dAg, -
dlf,] - = TsaltAgrt + (kslopeRIp - RI)ksatht‘ (3'6)

Here, g, is the contribution from the active gain medium to the field amplitude
roundtrip gain coefficient of the laser (corresponding to the variable rtg, in
Chap. 6). At steady state we have g,; = a,; where a,; is the cold cavity roundtrip
loss. Ag,; and Aa,; are the small-signal deviations of g,; and a,; from steady
state.

Tsat = OAGrt/(Ag0t) in (3.6) is the saturated lifetime of the gain medium
for the given signal and pump intensities. It is convenient also to introduce the
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saturation frequency as fsor = 1/(277sq¢). For a two-level gain medium (like
the 1480-nm pumped Er-laser) we have

s_alt =27 foar = 7_3—1 + (Use + Usa)Po/M + (Upe + Upa)Ppu (3-7)

T p

where T;pl is spontaneous and stimulated emission rate, o,, is the emission

(y = e) and absorption (y = a) cross-sections (normalized with respect to the
photon energy and the overlap with the mode cross section area) at the signal
(x = s) and pump (z = p) wavelengths, and P,/M and P, are the signal and
pump intensities inside the cavity, respectively.

ksqr in (3.6) is defined as kg = 0Ag/ORI where the differential should
be evaluated at DC (f — 0). For our two-level gain medium we have kg,; =
(14 Psu: M/ P,) where Py is the saturation power of the gain medium for the
given pump power. In the following we will assume that k. ~ 1, corresponding
to P,/M > Pjq which is believed to be valid for most fiber DFB lasers. kgope
is determined by the slope efficiency of the laser at DC, and is defined as

Ksiope = RI(f — 0)/RL,(f — 0). (3.8)

(3.6) can be transformed to the Fourier frequency domain by substituting
i2m f for d/dt. The resulting small-signal flow diagram is shown in Fig. 3.1 (a).
A feedback loop from Ag,, to RI and back to Ag,; can be identified in the

figure, with roundtrip transfer function:

. _grt
Ho(f) = it f(L+ if ] fat)
__ —ffa
Aif(L4if feat) >

fo=1/ g;’“‘f = (3.10)

is the frequency at which |Ho(f.)| ~ 1. f, is called the relaxation oscillation
frequency. The magnitude and phase of Hy(f) is illustrated in Fig. 3.1 (b) for
values of f,,; and f, that are typically expected in Er-doped fiber DFB lasers.

The transfer functions from the input signals RI,, Aa,, and e, in Fig. 3.1
(a) to the output laser RI can be deduced from the flow diagram to be:

Here,

Tp (f) = g;jlp = Nslope f—[g([‘f[i

RI —1
Tioss (1) = Rare = Tnrnf =T ()] (3.11)
Tsp (f) = E =2 (M/PO)I/QJ—‘ZOSS (f) .

Esp
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Figure 3.1. (a): Signal flow diagram illustrating the rate equations (3.6) in the fre-
quency domain. (b): Phase and magnitude plots of the rondtrip transfer function
Hy(f) defined in (3.9); and arbitrarily scaled magnitude plots of the transfer func-
tions T, and Tjoss o< Tip (f) defined in (3.11). Parameters: fyo; = 20 kHz and f, = 200
kHz.

The magnitudes of T}, (f) and Tjuss (f) o< T, (f) are illustrated Fig. 3.1 (b) with
arbitrary scale factors. We see that the ratio between T}, (f) and T, (f) in-
creases by 20 dB per decade for f > f,,. Theoretical results recently published
in [9] (for Er-doped lasers without ion clustering) are in qualitative agreement
with Fig. 3.1 (b)2.

The strong resonance in the transfer functions near f = f,. is called the re-
laxation oscillation resonance. The strength of this resonance can be expressed
by quality-factor @),, defined as the ratio of f. to the 3-dB peak bandwidth
of the transfer functions. For Er-doped fiber DFB lasers we will usually have
Q, > 1 (typically Q, > 8), in which case the approximation Q, ~ [ZH(f,)] *
is valid. Here, ZHy(f,) (expressed in radians) is the stability phase margin of
Hy. From (3.9) and (3.10) we obtain

QT ~ fr/fsat =V grt/(ﬂ'Trtfsat)- (Qr > 1) (312)

2The dB-scales in different figures in [9] are not consistent. Apparently the scales in the first two figures
should be multiplied by a factor of two.
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By combining (3.12) and (3.7) we find that the laser stability can be expected
to improve with increasing pump power F,, increasing output power F,, and
decreasing laser mirror transmissivity M.

Saturable absorber states, which are believed to originate from clustering of
Er3t ions in highly Er doped fibers [10], or from UV-induced life-time quenching
of the Er*" ions [11] (discussed in Chap. 5), will contribute with a second
feedback path to the RI that acts in parallel with the path shown in Fig.
3.1. The saturable absorber losses decrease with increasing laser intensity. The
resulting modified roundtrip transfer function (3.9) can be written as:

_ _fffs;% + ks.abs
if(L4if/foar) inTmf’

where kg 445 = 0a,4 /ORI is a measure of the saturable absorber strength. The
last term in (3.13) pulls the phase margin ZHy(f.) down by approximately
Es.abs/(TTre fr) 2 ks.aps/ Grt ) (TTrt fsar), and the stability of the laser is thus de-
graded by the saturable absorber. Although highly simplified,® we believe that
(3.13) can be used to model the effects of saturable absorbers near f = f,.
More comprehensive models, requiring a detailed knowledge of the saturable
absorber behavior (which we lack for the lasers studied in this chapter), are
presented in [9, 10, 12]. Stability degradation due to saturable absorbers has
been verified by several authors, including [10, 12]. On the other side, theo-
retical results in [9] indicate an improvement in stability (reduced @,) with
increasing clustering fraction. There is no discussion in [9] of the reason for
this unexpected result.

External feedback with time-delays that correspond to a significant phase
shift at the relaxation oscillation frequency may also pull on the phase mar-
gin and cause degraded stability. Effects of external optical feedback and UV-
induced saturable absorbers on laser stability will be discussed further in Chap-
ters 4 and 5.

If the losses are dominated by the mirror transmissivities, and if both mirror
transmissivities are equal to M (symmetric output), we will have M = a,; =
grt- For a discrete m phase-shifted DFB laser of length L we then have M
= 4exp(—kL), where k is the index coupling parameter. Typical values for
fiber DFB lasers may range from M =5 x 107% to 5 x 1073.

The cavity roundtrip-time can be expressed as 7,4 = 2nL./c, where L. is the
effective cavity length. For the m phase-shifted DFB laser it can be shown that
L. = 1/k (c.f. Chap. 1). If a distributed grating phase-shift is used, a length
in the order of the extension of the phase-shift region should be added to the

Ho(f) (3.13)

3ks.aps will depend on the intracavity power P,/M, and is expected to increase with P, /M at low power
levels. We expect k, 4ps to saturate at high intracavity power levels, as the saturable absorber saturates. A
frequency dependence of kg 455 is also expected for high frequencies f.
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above value. Typical values for L. may range from 3 to 15 mm, corresponding
to roundtrip delays of 7,, = 30 — 150 ps.

3.2.4 Interactions with the Laser Frequency

In the following we discuss mechanisms related to the gain medium and the
cavity loss dispersion that cause coupling or correlation between the intensity
and frequency fluctuations in the laser.

Gain Medium Mechanisms

In semiconductor lasers, the linewidth enhancement factor «, of the gain medium
is known to play a dominating role in determining v,,s. o, relates refractive
index changes to changes in the active gain in the cavity, and is defined by:

dn’
9 dn”

a (3.14)
where dn’ and dn” are changes in the complex refractive index n'+in”. The real
and imaginary parts of the refractive index are related through the Kramers-
Kronig relation.* Typical values for semiconductor lasers are o, ~ 3 — 7 [7].
o, has been mentioned as a parameter of significance for longitudinal mode
instabilities in semiconductor DFB lasers. We do not expect this to be the
case for fiber DFB lasers, because the roundtrip gain magnitudes are generally
orders of magnitude smaller than in semiconductor lasers. This means that the
roundtrip phase-shift changes related via o, to gain saturation will be small.
There are still at least two reasons why the linewidth enhancement factor is
of importance for fiber DFB lasers. First, the stability of the lasers in the
presence of external reflection degrades with increasing o, as will be shown
further down in this sub-section. Especially, the value of o, at the relaxation
oscillation frequency is of importance, as will become apparent in Chaps. 4 and
5. Second, the contribution from spontaneous emissions to the laser frequency
noise V., is proportional to ay, as shown in Sec. 3.2.5.

Measured values of oy in fiber lasers have to our knowledge not been reported
in the literature. Simulation results for a saturated Er-doped amplifier reported
by Alameh et.al. in [13] (based on theory published by Desurvire [14]) show
the real and imaginary parts of the complex susceptibility for a few values of
the saturating signal power P;. Their results indicate that «, increases when

4All physical (causal and stable) impulse responses must obey the Kramers-Kronig relations. However,
both Desurvire [14] and Alameh et.al. [13] point out that the Kramers-Kronig relations are not valid for
the complex susceptibility function they use to model saturation in Er3t-doped amplifiers. This because the
susceptibility function has poles in the right half of the complex s-plane, implying instability on time-scales
longer than 7s4¢. This must be due to approximations implicit in the model, as it cannot be true for the
physical system.
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the saturating signal power P or wavelength )\, are increased. Their results
indicate that «, is roughly proportional to P, for signal to saturation power
ratios in the range P;/Ps,: = 10 — 20. (See Chapter 6 for a definition of Pjy.)
For P;/Ps, ~ 20 we estimate from [13] that o, goes through zero around
As = 1540 nm, increasing to oy ~ 2.3 at 1550 nm and oy ~ 4.4 at 1560 nm.
The main contribution to the calculated refractive index change seems to come
from spectral hole-burning of the gain population for wavelengths close to . It
should be noted that the results in [13] are derived for steady-state saturating
conditions, i.e. for f < fyq. Typical values for fy,; inside fiber DFB lasers are
expected to be in the range from 5 — 160 kHz (depending mostly on the grating
strength). It is unclear to which degree the theory in [13] leads to representative
values for o, for f > fsq. More comprehensive studies of the factors influencing
on «, could be useful, including studies of how «, depends on f, Py, Psa, As,
pump wavelength, fiber composition (codopants), ion clustering, UV-induced
lifetime quenching, etc.

oy can be expressed in terms of the ratio between changes in the laser fre-
quency v and the cavity roundtrip gain Ag,; = %TrthI /dt, or alternatively in
terms of the ratio between changes in the optical phase ¢, and the RI. From
(3.14) we derive:

v 2d¢
=92 = s 1
O[g 7T7-7"t agrt { dRI }gain (3 5)

The subscript ” gain” is used to indicate that only contributions to the differen-
tials from the saturation of the gain medium is included. (3.15) indicates that
we can estimate o, from measurements of the correlation (or transfer function)
between RI and ¢, (= Av/if) provided that we can identify which fraction of
the RI that originates from gain fluctuations. The direct input contributions
to the RI from Aa,, and ey, in Fig. 3.1 (a) do not originate from the gain
medium.

At the relaxation oscillation resonance frequency, the external input contri-
butions to the RI will be amplified due to the feedback resonance by the quality
factor ), which is typically high in Er-doped fiber DFB laser (Q, ~ 8 — 50).
Therefore, the main contribution to R/ in Fig. 3.1 (a) comes through the path
from Ag,, and we can use the approximation Ag,; = iw7,,f RI. Inserting this
approximation into (3.15) (with dv/0¢,, = Av/Ag,;) we obtain:

2Av
if RI
where Av is the measured frequency shift.

More general formulas that can be used to express «a, in terms of the nor-
malized correlation (Av*RI)/(Vyms RIN) between Av and the RI outside the

~
g —

(relaxation oscillations, @, > 1), (3.16)
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relaxation oscillation resonance are deduced in [7]. However, due to the thermal
effects discussed below, we expect (Av*RI)/(Vims RIN) to depend heavily on
which of the sources in Fig. 3.1 (a) that cause the RI. Care should therefore
be taken when interpreting the results of applying these formulas to Er-doped
fiber lasers.

Heating Mechanisms

Self heating from non-radiative losses of laser and pump energy will also con-
tribute to a correlation between the RI and Av. The relaxation of gain ions
from the pump absorption level to the upper laser level is one source of self
heating. Non-radiative losses at the pump and laser wavelengths are other pos-
sible sources. The self heating can be characterized by the ratio:

AVth
= — .1
Tth, RI , (3 7)
where Avy, = 22 AT is the thermally induced frequency shift, %% is the

effective thermal sensitivity (including effects of thermal stress and strain) of
the refractive index n, and AT is the temperature change. For f < f,, the
fluctuations AP, in the thermal power P, produced in the core is expected
to be proportional to the RI. At low frequencies f where the fiber core is in
thermal equilibrium with the cladding and surroundings, we therefore expect
a frequency independent proportional relation Avy, o< AT < —APy, < —RI,
and thus a frequency independent negative value for 7,.> Note, however, that
the proportionality constant relating AP, to RI depends on which of the self
heating sources that dominate. This again depends on which of the input noise
sources RI,, Aa,; and ey, that dominates the laser noise.

For f = f. a frequency independent proportionality between the RI and
AP, can no longer be assumed, partly because T,(f) becomes frequency de-
pendent. It is also necessary to take Ag,; into account as a significant source
of fluctuations in the pump absorption rate. The thermal contribution oy 4, to
ay near f = f,. can be expressed by combining (3.16) and (3.17) as:

d 2
Qgip = 2MTpy ’ ~ Tt (relaxation oscillations, @, > 1). (3.18)
dgrt thermal Zf

Loss Dispersion Mechanisms

Fluctuations Av in the cavity resonance frequency due to refractive index per-
turbations that modify the effective cavity roundtrip phase-shift can in prin-
ciple lead to laser intensity noise through the optical frequency dependence of

5The upper frequency limit for the condition of thermal equilibrium to be true depends on the nature of
the heat sink. For an ideal heat sink with constant temperature at the fiber surface, we see from Fig. 3.6
that the upper frequency limit is about 100 Hz.
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Figure 3.2. Roundtrip loss a,¢ (a) and phase ¢,; (b) versus detuning év for an ideal
50 mm DFB laser with kL = 11. Circles (o) indicate the laser operation point. (c)
Ratio ay (3.19) between the slopes of ¢,, and a,;. Dashed lines indicate negative
values.

the grating mirror transmissivities. Fig. 3.2 (a) shows the cavity roundtrip loss
aq¢ versus frequency detuning év for an ideal m phase-shifted fiber DFB laser
of length L = 50 mm with a normalized index coupling coefficient of kL = 11.
The laser operation point at év = 0 is indicated by a circle. We see that the
loss is frequency independent at this point. Frequency perturbations will there-
fore not to the first order cause intensity noise in an ideally phase-shifted DFB
laser.

Fig. 3.2 (b) shows the roundtrip phase ¢,,(6v) of the same laser. (The steep
phase transitions at £8.4 and +11.1 GHz are due to higher order resonances of
the DFB grating.) A change Ag,, in the effective grating phase-shift will cause
¢,; to move vertically in the figure by Ag,,. The laser resonance frequency
must still be at the zero-crossing ¢,,(6v) = 0, and will thus move by Av

= —A¢,,/(do,,/dov) = —Ad,,/(27T.), since dp,,/ddv = T .
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Inspired by (3.15) we define the ”loss dispersion linewidth broadening factor”
as:

ov do,, Ov _ {dqﬁrt/du} (3.19)
loss

G = 2MTr daye 2m dv Oay,y da/dv
g is plotted for the ideal DFB laser in Fig. 3.2 (c).

In the presence of a small gain perturbation A~y (either due to loss, sponta-
neous emission or pump fluctuations), the interaction between o, and «,, can be
expressed by an effective linewidth enhancement factor a.sr = 277, Av/Ay.
At low frequencies f < f, we may assume ¢, — a,; = 0, implying:

ov ) ! ov )t
Ay{ﬁgﬁ} —Au{aaﬂ} + Ay =0.

Substituting dv/dg,, and 0v/da,, from (3.19) and (3.15) we obtain:

A 1
OQopp = 2mTpe = ————— (3.20)

—1 1
Ay ot —aq,

The interaction between ¢, and a4 will also affect the laser response to fre-
quency perturbations. Assume that the laser is perturbed so that the frequency
would change by Ay, for a; = 0 (for instance due to a perturbation of the cold
cavity resonance frequency, or to spontaneous emission). The frequency change
when the effect of «, is taken into account is denoted Av. Again assuming
grt — apy = 0 we have:

implying:

(3.21)

The initial frequency perturbation Av, is magnified by the ratio aers/ay,.

We see from (3.20) and (3.21) that o, must be smaller than or comparable
to a, in magnitude in order to affect the laser noise significantly. From Fig.
3.2 (c¢) we see that this will not be the case for the ideal fiber DFB laser if
it operates in the fundamental mode and within the grating stop band limits
|6v| < 7 GHz. The figure indicates, however, that «, may be of importance for
lasers operating in higher order modes.

External reflections will cause ripple in the curves in Fig. 3.2 (a) and (b),
and they will therefore contribute to a,. If the external amplitude reflectivity
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is r. with a delay 7. that satisfies 7, < T. < Teon, the frequency dependence
of the roundtrip loss and phase can be approximated by:

Aayy =~ Mr,cos2mvT,
A¢,, ~ 2rAvT. + Mresin27vr,. (3.22)

Here M is the mirror transmissivity to the laser port that is connected to the
external cavity. o, follows from (3.19) and (3.22) as:

1+ Mrete/Tp cO82TUT,
Y= —

Ext 1 reflection). 3.23
Mrororsin 2n0r,s (External reflection) (3.23)

For reflections satisfying Mr.7./7,; < 1 we have that |a | < 1 for all optical
frequencies v, implying that the back reflection is not of significance for the
value of ayy.

From (3.20) we see that a.r; — oo if o' — ', The maxima in |oy, '] with

respect to v occurs for cos 2nvT, = —MreTe /Tyt The condition a,l = oz;l will
occur at every second of these minima if:
Mrere/Tr = (1+ cyz)_l/2 (critical external reflection). (3.24)

At this and higher back-reflection levels a.rs(v) will go through singularities
for certain values of v, corresponding to mode-hopping between external cavity
modes. Equation (3.24) is consistent with the external mode-hopping criterion
C > 1 used in Chap. 5. The effect of external back reflections on the stabil-
ity and the effective linewidth enhancement factor of semiconductor lasers is
reviewed by Petermann in [15].

3.2.5 Schawlow-Townes Noise Limit

In Sec. 3.2.2 we mentioned that the spontaneous emission seeding of the laser
operation causes a direct contribution to @,,,, with magnitude M*/2e, /(77 f| A|).
It can be shown that this magnitude must be multiplied by (1+a2;,)"? to in-
corporate the phase noise from the spontaneous emission induced fluctuations
in Age at f < f. Using Vs = f,,,s We obtain the frequency noise due to
spontaneous emission seeding of the laser operation as:

spVM .
Vems = 1/ 1+ a2 Csp (f < f, spontaneous emission). (3.25)

ff7r7'ﬁ|A|

From (3.5) and (3.25) we obtain

2

es M
Avsgp = (1 + asz) 4 (f < fr, spontaneous emission), (3.26)

WT%LLPO
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where P, = |A]? is the laser output power.
The lowest possible value for egp equals 2hv a,;, and is obtainable if the
gain medium has the lowest possible doping concentration that will allow for

threshold gain at full inversion. By inserting egp > 2hv a,y into 3.26 we obtain:

2hv a.y M

Av > (1+a?
3dB = ( eff) WT%tPO

(spontaneous emission) (3.27)
(3.27) is known as the Schawlow-Townes noise limit (originally derived for
aerr = 0), after A. L. Schawlow and C. H. Townes who were central in the
early work on laser science from the late 1950’s and onwards.

Typical fiber DFB lasers have values for the ratio a,,M /72 that are many
orders of magnitude smaller than what is usually obtainable with semiconduc-
tor laser. This implies that smaller linewidths are obtainable with fiber DFB
lasers. External cavity lasers, ring lasers, Fabry-Perot fiber lasers, or large bulk
lasers may have much higher effective values for 7,4, but the task of maintaining
stable single longitudinal mode operation generally becomes more difficult as
Tr¢ increases. Frequency modulation noise densities which are believed to be
dominated by spontaneous emission noise above f ~ 3 kHz have been reported
for distributed back reflection (DBR) fiber Bragg grating lasers with relatively
high cavity losses (a, M ~ 0.05) [16].

With parameter values obtainable for fiber DFB lasers of a,; = M = 105,
Tr = 50 ps, P, = 250 uW, a.sy = 3, and v = 194 THz (A, = 1550 nm) we
obtain Avsgp > 0.13 mHz. From slope efficiency considerations, and to allow
for 1480-nm intraband pumping which allows for a maximum of about 75 %
inversion, doping concentrations that are considerably higher than the theo-
retical requirement at full inversion may be desirable. In practical fiber DFB
lasers, egp may therefore be from 10 to 1000 times larger than the theoretical
minimum of 2hv a,, assumed in (3.27). The spontaneous emission induced fre-
quency noise (3.26) of typical fiber DFB lasers is still believed to be well below
other noise contributions, such as the fundamental thermal noise in the fiber
index discussed in Subsec. 3.3.

3.2.6 Shot Noise

The shot noise, which is due to the quantization of the light into photons with
energy hv, puts a lower limit to the detected RIN given by:

RIN — 2hv

(Shot noise). (3.28)

o

A common method for optical frequency interrogation is by use of Mach-
Zehnder or Michelson interferometers. When operated in quadrature with bal-
anced detection, such interferometers can achieve a noise equivalent frequency
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shift NEv due to the shot noise at the detectors of:

RIN h
NEv = _RINXJ v / (Interferometer shot noise)

2 |sin(77; f)] 2P, |sin(77;f)|’
(3.29)

where 7; is the interferometer delay and RIN is expressed by (3.28). For low
frequencies f < 7;' we have NEv = RIN/(2n7;). Thus, an interferometer
with 7; = 0.5 us (about 100 m single pass optical delay fiber) and a detected
power of P, of 1 yW will have a low-frequency N Ev of 160 mHz/ VHz.

NEv according to (3.29) can be minimized for a given frequency f by choos-
ing an interferometer delay 7; that is an odd multiple of (2f)~!. This produces
an expression for what we believe is the fundamental shot noise limit of the
optical frequency detection:®

NEv =

f (Shot noise) (3.30)

Note that N Ev according to (3 30) is proportional to f. It can be shown that
the N Ev predicted by (3.30) can be obtained simultaneously for all frequencies
f by heterodyne detection systems employing electrical beat-frequency inter-
rogation of the optical detector output.

If an optical amplifier is used to increase the input power to the interrogation
system, the lower limit for N Ev increases by at least 3 dB (depending on the
amplifier noise figure) compared to the level predicted by (3.30), due to mixing
with the amplified spontaneous emission.

3.3 Temperature Fluctuations

An important source of laser frequency noise is refractive-index fluctuations in
the cavity due to temperature fluctuations. The resonance frequency of fiber
lasers at 1550 nm has a temperature sensitivity of about —1 GHz/K (8 pm/K)
[4], as verified in Chap. 8. There are three main sources of temperature fluctu-
ations in the cavity: Ambient temperature fluctuations, self heating, and fun-
damental temperature noise due to random diffusion of thermal energy across
the mode field boundary. Self heating will be treated in Sec. 3.5.

3.3.1 Ambient Temperature

The response of the laser to ambient temperature fluctuations is expected to
decrease rapidly at frequencies above ~ 1 kHz if the bare fiber is only in contact

6 An alternative way of arriving at (3.30) is by assuming that the rms contributions from quantization to
the relative amplitude RIN/2 and phase ¢,.,,, noise signals are equal. Inserting (3.28) into NEv = ¢,.,,,. f
= 2RIN f produces the result in (3.30).
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with air. This is due to the limited thermal conductivity through the air-fiber
interface and from the fiber surface to the core, as illustrated by Fig. 1 in [17].
If the fiber is surrounded by a material with higher thermal diffusivity than
air the low-pass cut-off frequency of the response into the fiber may increase
somewhat. On the other hand, a good heat sink will often act as an effective
thermal low-pass filter on its own.

3.3.2  Fundamental Thermal Noise

If temperature is defined as the expectation value (T') = (Ey,/C) of the stored
thermal energy FEj;, per unit heat capacity C, then the temperature of an object
in thermal equilibrium with its surroundings must be independent, of time. The
effective refractive index of the fiber is, however, determined by the instanta-
neous temperature T = Ey;,/C averaged over the mode power area M F D?/8
of the fiber. M FD is the mode-field diameter where the mode power density
has dropped to e2 of its maximum. Even for a fiber in perfect thermal equilib-
rium with its surroundings, there exists a thermal noise floor for the variance
of the instant temperature fluctuation AT = T — (7). This noise is caused
by random diffusion of thermal energy in and out of the mode power area.

Kingston [18] shows that this variance integrated over all frequencies f is given
by:

| ar g =12 (331)

0

where k, = 13.81 x 1072* J/K is Boltzmanns constant. For our case of a fiber
laser, C' is the heat capacity of the effective mode power volume, given by:

_ LaiMFD?

.32
] CVa (33)

where Cy = 1.67 x 10° J/(m?K) is the specific heat capacity of silica.

The spectral power distribution AT?(f) of this noise can be found by mod-
elling the fiber as a collection of small heat capacities that are connected to
their neighboring elements through thermal conductors. In analogy with the
theory for thermal noise in electrical conductors, the random diffusion of heat
can be represented as a heat (or ”current”) source ); in parallel with each
conductor G; with a white noise power spectral density (Q;) = 4k,T*G;. Due
to the circular symmetry of the fiber, heat conduction and generation in the
azimuthal direction will not contribute to AT. Heat conduction and genera-
tion in the longitudinal direction can also be neglected for f > D/L? where
D is the effective thermal diffusivity of the combined fiber and surrounding
materials. For a fiber with an infinite silica cladding, D/L? will be in the
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order of 3 — 40 mHz for typical fiber DFB laser cavity lengths. A numerical
investigation into the shape of AT?(f) and how it depends on fiber diameters,
coating parameters, and heat sinking materials should be possible with typical
available computer resources.

AT?(f) is hard to compute analytically for the fiber geometry. An expression
for the case of insulating border conditions at the fiber surface has been pub-
lished by K. H. Wanser in [19]. The laser frequency noise magnitude derived
from his formula may be expressed as

on 62\’
2 _ (9% 9 2 2
s = (g + 57) BATHD). (3.33)
where
2 \2 A% ’ f\?
, ke T2 |:(7rJHFD) + (%) ] + (%)
AT?(f) = 1 5 : (3.34)

X In
2rk.L, 2 2
)+ (£)] +6&5)

Here, D the thermal diffusivity and k. = Cy D is the thermal conductivity of
silica. 6¢/6T is the thermal expansion coefficient (¢ = strain),” n ~ 1.465 is
the refractive index, ¢ = 3 x 108 m/s is the speed of light in vacuum, d is the
fiber diameter, and M F'D is the modefield diameter. Typically, d = 125 ym
or 80 um, while MF'D = 9.4 ym for standard fiber, and 5.8 pm for high NA
Er-doped fiber.

The derivation of (3.34) has not been published. Wanser takes thermal and
optical material parameters for silica fiber from [20]: k. ~ 1.37 W/(m K);
D =~ 0.82 x 1075 m?/s; (6n/(néT) ~ 9.2 x 1079 K~1; and 6¢/6T = 0.4 x 10°°
K. However, the temperature sensitivity of silica fibers generally accepted
elsewhere in literature (and also verified in Chap. 8) (én/(néT') + 6¢/6T) ~
5.2 x 107 K= [4, 17] is only about one half of the value used in [19, 20].
Experimental results reported for the frequency range f ~ 1 — 100 kHz have
been compared in [5, 21, 22, 23] with Wansers formula, using the material
parameters as in [19, 20]. These experiments show noise floors which are similar
in shape, and 1 — 3 dB above the theoretical predictions.

Numerical calculation of the integral on the left-hand side of eq. (3.31) with
AT?(f) inserted from (3.34) produces a result that is a factor of two smaller

"It can be argued that the fiber expansion will not be proportional to only the core temperature fluctua-
tions AT for frequencies well above 1 kHz, because the temperature will not be correlated across the whole
fiber cross-section at these frequencies. Consequently, we believe that the term 6¢/6T should be omitted from
(3.33) at higher frequencies.
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Figure 3.3. Fundamental thermal noise of the resonance frequency of fiber-optic cav-
ities with length L. = 0.01, 1 and 100 m, according to (3.33, 3.34) with 6 dB added

for conformity with reported experiments.

than the right-hand side of eq. (3.31). This result is independent on the choice
of material parameters. Since the shape of AT?(f) predicted by (3.34) has
been verified experimentally for f > 1 kHz, we believe that the discrepancy
with (3.31) must either be due to a scaling error, or to an error in the frequency
dependence of (3.34) (the logarithmic term) for f < 1 kHz.

In lack of better expressions, we will use (3.33, 3.34) in the following to
illustrate the expected thermal frequency noise floor, using (én/(néT")+6e/6T)
~ 5.2 x 107 K~! and with 6 dB added for conformity with the previously
reported experiments. Fig. 3.3 shows this noise floor for various values of L.,
d, and MFD. For f > 100 Hz the noise decreases by 20 dB/decade, while
a strong dependence on M F'D is observed at high frequencies, approaching
Vpms < (M F D)™ for f > 100 kHz. This dependence on M F'D is in agreement
with (3.31, 3.32). For f < 100 Hz v,,,s increases with increasing fiber diameter.
The results below 1 kHz should be used with care, however, since experimental
evidence are not available for this regime.

According to [20], noise contributions due to direct interaction with thermal
phonons will dominate over the temperature noise for f > 1 MHz, increasing by
20 dB/decade towards a maximum around 500 MHz. The phonon contributions
are not included in Fig. 3.3.
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3.4 Acoustical Noise

The sensitivity of the laser to acoustical noise depends much on how it is
mounted. If the laser is fixed in each end and strained, it will be sensitive to
mechanical vibrations in the distance between the fixing points. The strain
sensitivity of the laser is about 150 Hz/pe. If the laser is mounted with some
slack, the problems with strain sensitivity should be reduced. However, high
frequency vibrations in the supporting structure may still couple to compres-
sional and flexural waves in the laser fiber. The sensitivity of a fiber with slack
to mechanical perturbations has not yet to our knowledge been studied in the
literature.

The sensitivity of the laser to pressure waves may also play a role. If the
laser is submerged into a liquid, like water or oil, the sensitivity is expected
to be ~ 870 Hz/Pa if the fiber is axially constrained, and ~ —520 Hz/Pa if
the fiber is free to expand [21]. At low frequencies (typically f < 50 kHz), the
free expansion sensitivity should be used if the fiber is mounted with slack.
At higher frequencies the treatment becomes more complex, as the acoustical
wavelength for compression waves in the fiber becomes comparable to the fiber
length.

The sensitivity of the fiber DFB laser to acoustical vibrations in air has
been studied both theoretically and experimentally in [17], and was found to
range from about 600 kHz/Pa at f = 100 Hz to about 2 kHz/Pa at f = 7
kHz. This implies that an acoustical noise amplitude of 20 dBA (200 pPa) at
f =100 Hz will cause a laser frequency noise amplitude of v,,,; = 120 Hz. The
acoustical sensitivity at low frequencies is dominated by adiabatic temperature
changes induced by the acoustic compression of the air. The high sensitivity to
acoustical noise at low frequencies can therefore easily be avoided by immersing
the fiber into a liquid, which will not compress and heat significantly in response
to acoustic waves.

3.5 Pump Fluctuations

In Sec. 3.2.3 it was shown that fluctuations in the relative pump intensity R1,
will cause laser RIN through the transfer function 7,(f) (3.11). If saturable
absorbers are present, the pump will also modulate the saturable absorber
losses at the laser wavelength, causing additional RIN contributions through
Tioss(f). The pump induced RIN will lead to frequency noise according to the
frequency to intensity noise ratio ry, (3.17) at low frequencies f < f, and
according to the linewidth enhancement factor o, (3.16) at f =~ f,.

Fig 3.4 shows a typical measured response of the optical frequency shift Av
and the relative laser intensity R/ to modulation of RI, for a fiber DFB laser.
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Figure 3.4. Response of the relative intensity RI and optical frequency Avr of an
Er-doped fiber DFB laser to pump modulation. Thel480-nm pump power was mod-
ulated around its mean value of 60 mW with an rms amplitude of ~ 2.5 ©pW.

The pump power to the laser was modulated with an amplitude of about 2.5
#W rms by modulating the drive current to the pump diode, corresponding to
a relative pump intensity modulation of RI, = —73.7 dB.

The investigated laser was a sealed Er-doped fiber DFB laser (Ionas IFLOIW1E-
AD) operating at 1558 nm. The fiber laser was pumped with 60 mW at 1480
nm from a laser diode through a 1480/1550 nm wavelength division multiplexer
(WDM). The output from the laser was about 170 W copropagating with the
pump, with a slope efficiency of ~ 3.3 uW/mW. The composition of the fiber
laser heat sink is not known. The output from the 1550 nm branch of the WDM
was passed through an isolator and split by a 10:90 fiber coupler.

The 90 % output from the 10:90 coupler was passed to a detector for moni-
toring of the RI. The 10 % output was passed to a Michelson interferometer
with a dual pass path imbalance of 69 m (7; = 337 ns). Balanced detection by
subtracting the detected output power from one interferometer port from the
output from the other port was used in order to minimize the sensitivity of the
readout to laser RIN. In order to keep the interferometer in quadrature, the
error signal generated at the balanced receiver output was fed back to a PZT
optical phase modulator in one of the interferometer arms via a time-domain
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integrator filter. By adding the high-frequency (f 2 1.5 kHz) error signal to the
low-frequency PZT signal (using proper scale factors), Av could be monitored
from DC and up to f > 1 MHz. The plotted responses are calibrated to remove
effects of the frequency responses of pump driver and detector electronics, as
well as interferometer responses and fiber transmission delays.

The dashed line in Fig. 3.4 shows the pump response T,,(f) calculated from
(3.11, 3.13) with the parameters kgope = 1.18, f. = 238 kHz, fo: = 52 kHz,
ksaps = 1.4 x 107%, and 7,4, = 1 x 107'% s (& L. = 10 mm). Good fits to the
measured RI magnitude can also be obtained with other combinations of fy.;
and kg . The fit to the phase of the RI response for f > f, does, however,
indicate that the chosen values f,,; and kg 4 are reasonable.

As mentioned in the introduction to this section, any modulation of the
saturable absorber losses by the pump power modulation is expected to give a
contribution to the pump modulation response that is proportional to Tj,ss(f).
From Fig. 3.1 (b) we see that the shape of the Tj,ss(f) differs significantly from
that of T,(f) at frequencies f > fyu. It is therefore not possible to obtain a
good fit to the measurements in Fig. 3.4 with our model if pump induced loss
modulation is assumed to play a significant role.

Fig. 3.5 shows an expanded view of the relaxation oscillation peak. The
relaxation oscillation resonance Q-factor is found from the measurements to
be ), = 31, which is relatively high. Typical values measured for other lasers
range from @), = 10 and upwards.

The shot noise induced RIN for our laser according to (3.28) is —148 dB
Hz~/2. To avoid that pump-induced RIN dominates over shot-noise we then
find from Figs. 3.4 and 3.5 that the requirements are RIN, < —148.7 dB
Hz /% at low frequencies f < f,, and RIN, < —179 dB Hz Y2 at f = f,. To
operate below the thermal noise floor for v, predicted by (3.33) with L. = 10
mm, the requirements become RIN, < —115 dB Hz /2 at f = 100 Hz and
RIN, < —137dB Hz */? at f = f,.

The shot-noise limitation of the effective RI N, experienced by the fiber laser
comes from the quantization of the absorbed pump energy. The shot noise
statistics of this absorption gives an effective noise magnitude [in analogy with
(3.28)] of RIN, = (2hv,/ P, as)*?, where hv, is the pump photon energy and
P, a5 is the pump power absorbed within the laser cavity by active gain ions.
A simple estimate for the pump absorption would be P, ;s = 1550/1480 x 2P,
= 356 puW, ignoring intracavity losses and assuming equal outputs from the
two laser ends. The effective pump shot noise limitation then becomes RIN, =
—151 dB Hz 2. This is 28 dB below the requirement for shot-noise limited
RIN at f = f,. stated in the last paragraph. Consequently, stabilization the
pump laser intensity is not sufficient to avoid that the RIN raises at least 28
dB above the shot noise limit at f = f,.
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Figure 3.5. Expanded view of the relaxation oscillation peak in Fig. 3.4.

Fig. 3.6 shows the ratio Av/RI of the pump modulation responses. Circles
illustrate the ratio between the measurements in Fig. 3.4. Black lines show
measurements recorded with a low-frequency network analyzer.

As explained in Sec. 3.2.4, we expect the modulation P, of the thermal
power dissipated in the core of the laser fiber to be proportional to the pump
induced RI at low frequencies f < f,.. The thermal response to step changes
in the self heating of erbium-doped amplifier fibers have earlier been calculated
numerically in [24]. However, it is hard to deduce frequency responses over
a broad frequency range from those results. We have calculated numerically
the expected frequency response Avy, to a modulation of FPy,. The impulse
response to heating was calculated in the time domain by a finite element
method. The calculated impulse response were Fourier-transformed to produce
the frequency response. Parameters used in the calculations were: core diameter
deore = 5.4 pm; mode field diameter M FD = 5.8 um (Gaussian distribution);
fiber diameter d = 80 pm; thermal conductivity k. = 1.37 W/(m K); diffusivity
D = 0.82x107% m?/s; and fiber thermooptic coefficient én/(néT) = 5.2 x 10~°
K. We believe that these parameters are representative for the investigated
fiber.

The gray lines in Fig. 3.6 shows the calculated thermooptic frequency shift
ri, = Avy/RI fitted to the measurements by assuming a power dissipation
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Figure 3.6. Black lines and circles: Ratio between the pump modulation responses
Av and RI of the laser characterized in Fig. 3.4. Gray lines: Frequency response vy,
to 230 W rms modulation of the heat absorbed in the core of a L, = 10 mm long
cavity, calculated for the fiber boundary conditions indicated in the legend text.

modulation amplitude of R/ x 23 mW/m. For a L. = 10 mm laser cavity
this corresponds to a dissipated power of Py, = RI x 230 uW. If we assume
that the thermal power dissipation is linear with intensity (as is verified for
the fiber DFB laser investigated in Chap. 8), we may conclude that the DC
thermal power dissipation in the laser cavity is close to 230 uW. The high value
of the estimated P, compared to the measured output power P, = 170 yW
indicates that power dissipation from the pumping process with ion relaxations
to the upper laser level cannot be the dominating heating source. Remaining
candidates are nonradiative absorption at the pump or laser wavelengths, due
to some combination of saturable and non-saturable absorbers.

Three different simulated boundary conditions are illustrated in the figure,
as indicated in the legend. The infinite cladding condition corresponds to im-
mersing the laser into a medium with the same thermal properties (k. and D)
as silica. For the frequencies illustrated, the condition of constant temperature
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Figure 3.7. Circles: g according to (3.16) calculated from pump modulation mea-
surements near the relaxation oscillation frequency f, = 238 kHz. Line: Fit to a
f3-dependence.

on the fiber surface should be a good approximation for a case where a good
heat-sink (like aluminum) with high values for k. and D is in contact with
the fiber. The insulating boundary condition should approximate the effect of
placing the fiber in a bad heat-sink such as air or a thick polymer coating.
We see from the calculations that the boundary conditions become important
for f < 400 Hz. The deviation between the measured response ry, and the
calculated curves for f < 400 Hz in Fig. 3.6 are attributed to the thermal
properties of the materials surrounding the fiber, which are not known. For
400 Hz < f < 100 kHz, the agreement between measurements and calculations
are reasonably good.

We see from Fig. 3.4 that the relaxation oscillation resonance starts to domi-
nate the RI magnitude for f > 100 kHz. Fig. 3.7 shows the linewidth enhance-
ment factor a, near f = f, calculated according to (3.16) from the measured
pump modulation responses in Fig. 3.4. The magnitude of o, (f) fits well to an
f~3 dependence in the frequency range f = 200 — 320 kHz, taking the value
3.5 at f = f,. At lower frequencies a f 2 dependence is approached. The phase
is about —10° at f = f,., decreasing with a slope of —0.33°/kHz. The observed
frequency dependence of «, cannot be described by a simple minimum-phase
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model, and we are not able to determine which mechanisms (spectral hole-
burning through the Kramer-Kronig relations, different thermal mechanisms)
that dominate.

Fluctuations in the pump center wavelength will also lead to fluctuations
in the pumping efficiency, due to the wavelength dependence of the pump
absorption cross section. We believe that pump wavelength fluctuations can
be modelled as an equivalent RIN,. The spectral dependence of the pump
absorption is especially pronounced near 975 nm in Er:Yb-fibers [25]. However,
due to the relatively slow energy transfer from the pump absorption state of
Yb to Er, having a single-pole low-pass frequency around ~ 1 kHz [3], the
sensitivity to fluctuations in the pump center wavelength is still expected to be
moderate. With 1480-nm pumping the response of the gain medium is much
faster, as demonstrated by Fig. 3.4. However, the wavelength dependence of
the pump absorption is significantly lower than around 975 nm. Until recently,
available fiber pig-tailed diode pump lasers have been multi-moded both around
975 and 1480 nm, with mode spacings typically in the 100 to 500 GHz range.
Fluctuations in the relative intensity distribution between the modes of these
lasers may be a significant source of fiber laser noise. 975-nm pump lasers that
are stabilized by external fiber grating reflectors are now commercially available
and widely used for low-noise fiber amplifiers. Grating-stabilized 1480-nm pump
lasers (intended for wavelength multiplexing of multiple lasers to obtain high
pump powers) have recently been advertized as new products on the market.

In single polarization fiber lasers, fluctuations in the pump polarization state
will introduce noise through the polarization anisotropies of the individual gain
ions. In Chap. 7 the magnitude of the pump polarization hole-burning effect
is described by the parameter n,. It follows from the theory in the appendix
to Chap. 7 that changes of the pump polarization state launched into a single
polarization laser from being orthogonal to parallel to the laser polarization is
equivalent to a change in the pump power by the factor 1 + 7,. For the dual
polarization Er-Yb doped 1480-nm pumped fiber DFB lasers investigated in
Chap. 7 we estimate n, = 0.021.

If the fiber laser is used as a sensor element with remote pumping and in-
terrogation through a long lead fiber, the changes in pump polarization state
may potentially become quite rapid (Hz to kHz range), due to poor isolation
against temperature changes and mechanical vibrations. A way of eliminating
noise from pump polarization fluctuations would be by depolarizing the pump,
for instance with an active polarization scrambler that modulates the pump po-
larization state at a frequency well above the relaxation oscillation frequency
of the fiber laser.
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3.6 Noise Measurements

We have characterized the relative intensity and optical frequency noise spectra
for the fiber DFB laser that was characterized with respect to pump modula-
tion in Sec. 3.5. The interrogation system used for the noise measurements
is identical to the system for monitoring of the RI and Av described in Sec.
3.5. Simultaneously recorded traces for the RIN and v,,,s are shown as gray
curves Fig. 3.8. In Fig. 3.8 we also show the pump intensity noise RIN, and
the electrical noise floor of the interrogation system when no light is incident
on the detectors.

A number of sharp noise spikes is observed in the RI N spectrum between f =
9.5 Hz and 640 Hz. This is believed mainly to be due to acoustic pick-up in the
~ 8 m lead fiber from the WDM to the fiber laser, modulating the polarization
state of the pump, c.f. Sec. 3.5. Acoustical modulation of the polarization state
of the signal reaching the interrogation system will also contributed to noise
pick up, because of a small polarization dependence in the interrogation system
originating from polarization dependent coupling ratios in the optical couplers
used. The spikes in the measured RIN, at 37, 50 100, and 150 Hz may also
have originated from this kind of acoustical pick-up.®

Between f = 10 Hz and 30 kHz the measured RIN floor is essentially con-
stant at —118 41 dB Hz~'/2. Shot noise according to (3.28), taking loss in the
transmission from the laser to the detector into account, gives a RIN contri-
bution of only about —145 dB Hz /2. The dashed line in Fig. 3.8 (a) shows
the spectral density RIN = RIN,T,(f) expected according to (3.11, 3.13) to
arise from a smoothened polynomial fit to the measured RIN,. The parameters
used are: kgope = 1.18, kg gps = 1.4 X 107 (taken from the measurements in
Sec. 3.5); T, = 1 x 1071% s (& L, = 10 mm, which is a typical number for
Tonas lasers); as well as the fitted parameters f, = 222 kHz, and f,,; = 51
kHz. We see that the pump-induced RIN is ~ 5 dB lower than the measured
RIN, indicating that other noise sources are dominating. Remaining candi-
dates are fluctuations in the pump center wavelength \,, loss modulation Aa,.,
and spontaneous emission egp,.

The dotted line in Fig. 3.8 (a) shows the spectrum RIN = [RINT?(f)
+koT2,,(f)]'/? expected to arise from the measured RI N, combined with white
noise modulation of Aa,; and e,, described by the fitted parameter ky = Aad?,+
4Me2,/ P, = 8 x 107*°. The fit to the RIN measurement is good.

The ratio Vy,s/RIN of the measured noise spectral densities in Figs. 3.8
(a) and (b) is illustrated by the black curve in Fig. 3.9. For comparison, The

8Fans and transformers in the laboratory instruments tend to produce vibrations at frequencies that are
multiples of the 50 Hz line frequency.
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Figure 3.8. Solid gray curves in (a) and (b): fiber DFB laser RIN and vy, spectra,
respectively. Solid black curves in (a): measured RIN, and noise from detector elec-
tronics. Dashed and dotted lines in (a): expected noise from RIN, only, and from
a combination of RIN,, Artl, and egz,. Dashed line in (b): expected thermal noise
according to (3.33, 3.34) with 6 dB added for conformity with reported experiments,
using L. = 10.

ratio Av/RI measured in the pump modulation experiment in Sec. 3.5 is indi-
cated by open circles. The complex quantity (AvRI)*/RIN? is also illustrated.
(AvRI)*/RIN? can be interpreted as the transfer function from the RI to the
correlated component of Av. (It may be useful in this context to recall the
definitions 12, = (Av?) and RIN? = (RI?).)

For frequencies below 100 kHz the measured | (AvRI*) /RIN?| is typically
15 to 20 dB lower than v,,s/RIN. This difference implies that only a 1 —3 %
fraction of the frequency noise power 12, originates from (is correlated with)
the RIN.

If the laser RIN originated only from the effective value of RIN, (including
effects of pump wavelength fluctuations), [(AvRI*)/RIN?| would equal the

pump-induced Av/RI in Fig. 3.9. However, the measured [(AvRI*)/RIN?| is
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Figure 3.9. Ratio vpy,s/RIN from noise measurements; Av/RI from pump modula-
tion response measurements; and ”transfer function” | (AvRI*) /RIN?| between the
correlated components of RI and Av from the noise measurements.

4 t0 9 dB lower than the pump-induced Av/RI at frequencies f < 100 kHz. The
difference equals (to within the measurement accuracy) the difference observed
in Fig. 3.8 (a) between the measured RIN and the calculated RIN,T,. This
observation indicates that the difference between the measured RIN and the
calculated RIN,T), originates from a noise source that produces frequency and
intensity noise components with a ratio Av/RI that is far below the pump-
induced Av/RI. In other words, 7y, (3.17) seems to be smaller for noise induced
by random cavity loss modulation Aa,; or spontaneous emission ey, than for
pump-induced noise. This verifies that pump wavelength fluctuations cannot
be the origin of the measured excess RIN above RIN,T, in Fig. 3.8 (a). We
are left with the candidates Aa,, and egp.

The spontaneous emission power density from the fiber laser (outside the
grating stop-band) was measured at threshold to be 3.5 x 1072! W/Hz +2 dB.
The spontaneous emission per unit length of fiber inside the laser cavity is not
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expected to change significantly above threshold. Assuming a total Er-doped
fiber length of ~ 60 mm we can thus estimate the spontaneous emission power
launched into the laser mode as €2, = 2L, x(3.5 x 107! W/Hz)/(60 mm) =
1.2x 1072 W/Hz +2 dB. If the estimated ko = 8.8 x 107 in Fig. 3.8 originates
only from spontaneous emission noise, with no significant contribution from
loss modulation (Aa,; = 0), then the estimated e, corresponds to a laser
mirror transmissivity of M = koP,/(4€2,) ~ —25 + 2 dB. This corresponds to
an effective kL of 7.2 4+ 0.5, which is fairly low but still possible. If the loss
modulation contributes significantly to the RI N, the value of kKL may be much
higher. A possible source of loss modulation could be random fluctuations in
the saturable absorber inversion, for instance due to the shot-noise originating
from quantization of the absorbed energy into photons.

The dashed line in Fig. 3.8 (b) shows the thermal noise floor according to
Wansers formula (3.33, 3.34), using L, = 10 mm, with 6 dB added (c.f. Sec. 3.3)
for conformity with previously reported experiments. We see that the measured
Vems touches down to this floor in several regions between 1 and 50 kHz. The
noise peak in v,,,s between 4 and 15 kHz is believed to be due to acoustical
noise in the lab. The small peak at 48 kHz coincides in frequency with the 1st
order resonance of the PZT optical phase modulator in the interferometer. We
do not know the explanation for the general increase compared to the predicted
thermal noise for f > 50 kHz.

For f < 1kHz a 1/f component is observed in v.,,s, with a slope of —8.6 dB
per decade in f. The origin of this noise component is not understood. A similar
1/f noise component was observed in the beat frequency noise spectrum of a
dual polarization fiber DFB laser characterized in Chap. 7.

A sharp increase in v,,,, can be observed near the relaxation oscillation fre-
quency in Fig. 3.8 (b). This noise peak originates from the relaxation oscillation
peak in the RIN spectrum, via the linewidth enhancement factor ay. In Fig. 3.9
we see that the ratio of the rms noise magnitudes v,.,,s/ RI N, the pump-induced
ratio Av/RI, and the noise "transfer function” [(AvRI*)/RIN?| become es-
sentially equal near f = f,.. This is as expected from the discussion in Sec.
3.2.4 of oy near f = f, according to (3.16).

The total optical power detected from the interferometer was ~ 8 uW, giving
a shot noise equivalent frequency shift (3.29) at the investigated frequencies
f < 850 kHz of NEv ~ —22 dB Hz/v/Hz.

Fig. 3.10 shows a summary of the measured and theoretical frequency noise
limits for the fiber DFB laser investigated in this section. The thermal noise
curve is identical to that in Fig. 3.8 (b). The spontaneous emission noise is
estimated from (3.25), with €2, = 1.2 x 107*' W/Hz, 7,y = 1 x 10719, P, =
|A]? = 170 yW, M = —25 dB (kL = 7.2), and o, = 3. The illustrated
spontaneous emission noise floor should be regarded only as an indication of
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Figure 3.10. Sumary of measured and theoretical limits to vpy,s. Dotted lines illus-
trate the esitimated fundamental shot noise (3.30), thermal noise, and estimated
spontaneous emission noise. Dashed lines: Published noise levels of a common 800
nm semiconductor laser, a Nd:Yag ring laser, and a tunable semiconductor MQW
laser with active frequency stabilization.

the order of magnitude, since M and ¢, are not known for this specific laser. If
we assume M = —46 dB (corresponding to kL = 12), the shot noise estimate
decreases by 21 dB to —25.5 dB Hz/\/m

For comparison, results published for a relatively inexpensive 800 nm semi-
conductor laser [23], a tunable multiple quantum well (MQW) semiconductor
DFB laser applying active frequency stabilization by feedback from an inter-
ferometer [26], and a Nd:YAG ring laser [1, 23] are also shown in the figure. We
see that the 1/f noise level of the Nd:YAG laser is very similar to that of the
fiber laser. The performance of the interferometer-locked MQW laser below 10
kHz is generally 15 dB better than that of the fiber DFB laser. It should be
possible to obtain even better performances by locking a fiber DFB laser to a
fiber interferometer.
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Figure 3.11. (a) RIN and (b) frequency noise vyms of a fiber DFB laser with and
without RIN to pump feedback stabilization.

3.7 Noise Reduction by Feedback to the Pump Laser

RIN reduction for a single frequency Er-doped fiber Bragg grating laser by
applying negative feedback from a monitor detector to the pump current has
earlier been demonstrated in [27, 28]. To be able to investigate what happens
to the laser frequency noise when such feedback is applied, we implemented a
PID (proportional gain - integrator - differentiator) controller of the same type
as used in [27] in a feedback path from the monitor detector to the pump drive
current.

Fig. 3.11 shows the RIN and frequency noise ;s from a 50 mm long Ionas
fiber DFB laser (not identical, but similar to the one investigated in the previous
sections) which was pumped by ~ 110 mW of 1480-nm power. The noise spectra
were measured both for the cases with and without feedback to the pump. We
see from Fig. 3.11 (a) that the relaxation oscillation peak near f, = 206 kHz is
effectively removed by the feedback. The RIN noise floor of ~ —118 dB Hz /2
obtained with the feedback circuit is limited by noise generated in the monitor
detector. With a better detector design we believe that the RIN would be
limited by the shot noise at the monitor detector, which in our case with ~ 50
W of detected power would be —143 dB Hz~1/2.
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From Fig. 3.11 (b) we see that the relaxation oscillation peak in the frequency
noise spectrum is also removed efficiently by the feedback. A small reduction
in v.;ms by ~ 2.5 dB is also observed for f < 300 kHz. We have not verified
whether this noise reduction is a consequence of the feedback, or if it is only
due to random fluctuations in the measurements. If the noise reduction is due
the feedback, then this indicates that the contribution from pump noise to both
RIN and v, of the free running laser is more dominant for the present laser
than for the laser investigated in the previous sections.

The ratio Vyms/RIN of the free running laser in Fig. 3.11 at the relaxation
oscillation peak f, = 206 kHz equals 106.5 dB Hz. By inserting this ratio into
(3.16) we estimate the effective linewidth enhancement factor at f = f,. to be
ay ~ 2.1 for this laser.

3.8 A Serially Multiplexed Fiber DFB laser Array

3.8.1 Introduction

An array with four serially multiplexed fiber DFB lasers pumped at 1480nm
has been tested and evaluated at Optoplan with respect to output frequency
noise and RIN noise. The array was on loan from Ionas AS in Denmark, and
should be similar to the array investigated in [29]. A sensor laser array with
4 serially multiplexed single frequency Er-doped fiber lasers has earlier been
demonstrated in [30]. We here present a more detailed characterization of the
noise performance of the Ionas laser array, and investigate the effect of applying
feedback to the pump from a detector that monitors the output from the array.”

The pump absorption in Er3*-doped fiber DFB lasers pumped at 1480 nm
can in principle be well below 0.05 dB (1.2 %), provided that splice losses do
not dominate. This allows for serial multiplexing of a large number of fiber
DFB lasers operating at different wavelengths, provided that interactions or
reflections between the lasers do not make the laser operation unstable. Serial
multiplexing of lasers is interesting both for multiplexing of fiber laser sensors
and for making compact, low cost, and accurate multiple wavelength sources.

As mentioned in Secs. 3.2.3 and 3.2.4, back-reflections from external reflectors
can degrade the laser stability. Back reflections may be caused by other fiber
components, connectors, grating side-bands of serially multiplexed fiber DFB
lasers, or by Rayleigh scattering. This constitutes a problem if one wants to
create multiplexed fiber DFB laser sensor systems that are distributed over
large distances (> 30 to 300 m).

9This section is based on the Optoplan Report: ”Test of Tonas fiber DFB laser array”.
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Figure 3.12. Laser array system on loan from Ionas AS. WDM, wavelength division
multiplexer; ISO, optical isolator; EDFA erbium doped fiber amplifier.

We show in Chapters 4 and 5 that the tolerance to reflections from short
distances (< 10 m) is reasonably high. This is promising for the possibilities of
making a multiwavelength fiber DFB laser source without having to introduce
isolators or attenuators between the lasers. However, one may suspect that
the effect of having the power from each laser passing through all the other
lasers, contributing to each others gain saturation, might introduce excess noise.
Intensity noise in one laser may also be propagated to lasers further away from
the pump via fluctuations in the pump absorption of the first laser. One may
also fear that feedback mechanisms between the laser intensities could make
the whole system start self-oscillating. One way of avoiding high feedback gains
would be to make the outputs from each laser highly directional in the same
direction as the pump by introducing asymmetries in the laser gratings. This
type of configuration is used for the laser array investigated below.

It would be attractive if one was able to reduce the output RIN from the
individual lasers in a fiber DFB laser array by applying feedback to the pump in
a way similar to that demonstrated in Sec. 3.7. One may argue that it must be
hard to control a multiple of independent signals (the RI of multiple lasers) by
modulation of only one parameter (RI,). We will here take a simple approach
to the problem. Although we do not succeed in removing RIN from the array
lasers, the results may provide some insight into the dynamics of the feedback
system.

3.8.2  The Investigated Array

The laser array system contained four serially multiplexed Er-doped fiber DFB
lasers, a 1480 / 1550 nm WDM, and an EDFA to boost the forward output
power. Fig. 3.12 shows the system configuration. The WDM and the DFB lasers
were packaged in a sealed box. The pump input port was spliced to a 1480nm
diode laser with controller electronics built at Optoplan. The pump controller
had options for either constant current operation or stabilization of the power
from the fiber lasers by negative feedback via a PID-controller from a monitor
detector to the pump laser. The monitor detector could either be connected to
the forward or to the backward output ports from the array.
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Laserl/2 Al =1551.1 nm
Laserl/2 A2 =1549.3 nm
Laser3 A3 = 1548.5 nm
Laser4 M = 1550.9 nm

Table 3.1. Overview of the characterized lasers.

The laser wavelengths and the order of the lasers in the array, as specified
from Ionas, is given in Tab. 3.1. The order of the first two lasers (Al and A\2)
is not known.

3.8.83 Interrogation System

The wavelength demultiplexer system used to pick out the individual laser
wavelengths received from the array is shown in Fig. 3.13. Two fibers with uni-
form Bragg gratings FBG1 and FBG2 inscribed were each mounted between
a fixed point and a manual translation stage, allowing for independent strain-
tuning of the grating center wavelengths. The strained lengths were between 50
and 70 cm. The position of the translation stages could be monitored on dial
position meters. FBG1 was fixed with tape on an aluminum cylinder at each
end, assisted by the friction of a few turns around the cylinders. The tuning
repeatability for this grating was not very good (about +50 pm), probably be-
cause the fiber was slipping on the cylinders. FBG2 was mounted with acrylate
glue, resulting in better tuning repeatability.

When the grating stop band was strain-tuned over the laser wavelengths,
fringes with peak-to peak amplitudes of 3 to 10 % of the DC level could be
observed at the detector. This is probably due to reflections from the output
detectors, implying that acoustically or thermally induced noise in the output
fiber lengths may have induced extra RIN at the detectors. The influence of
such acoustical and thermal noise is believed to be negligible at high frequen-
cies. FBG1 could be tuned over the wavelengths A1, A2 or A3. FBG2 could be
tuned to A1 or A4. In this way any two lasers could be monitored at the same
time.

ISO 10:90 FBG1 50:50 FBG2

|nput —> I i

Output1 Output2

Figure 3.13. Wavelength demultiplexer. ISO, optical isolator; FBG1 and FBG2, strain
tuned fiber Bragg gratings.
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One of the two outputs from the demultiplexer was split by a 50:50 coupler
and guided to a detector for RI N monitoring and to a Mach-Zehnder interfer-
ometer (MZ) with balanced detection for optical frequency noise monitoring.
Active feedback to a PZT ring in one of the MZ arms was used to keep the DC
interference phase in quadrature.

3.8.4  Output Power

With ~ 140 mW of pump power entering the WDM, the total power from the
forward output of the array was ~ 10 mW. By inserting an optical band-pass
filter (90 nm bandwidth) between the forward output and the detector it was
verified that remaining pump power constituted less than 20 % of this power.

Tab. 3.2 shows the relative forward output powers from the different lasers,
measured with the wavelength demultiplexer in Fig. 3.13.

The total backward output power with ~ 140 mW pump was measured to
~ 26 pW. According to Ionas, the lasers do not have equal output powers in
both directions, and they are mounted such that they will give their maximum
output power in the forward direction. This explains the low backward output
power.

3.8.5  Performance without Feedback to the Pump

The RIN and frequency noise of the individual lasers were first measured with
pump laser driver in a constant current mode. The pump power was set close to
its maximum value of 140 mW. For each wavelength, the RIN and frequency
noise spectra were recorded simultaneously. The results are shown in Fig. 3.14.

The relaxation oscillation resonance frequency f,., the RIN and v, at f =
fr, and the estimated o, at f = f, according to (3.16) for each laser are
summarized in Tab. 3.3. The lower peak noise densities for A2 compared to the
other laser wavelengths may be explained by the lower Q-factor (inverse relative
bandwidth) of the relaxation oscillation resonance in this laser compared to
the others. For a given driving noise source (from pump fluctuations, vibrating
back-reflectors etc.) the output peak noise power density should be proportional

Wavelength Normalized
output power (a.u.)
Al 1
A2 0.91
A3 0.66
pY! 0.79

Table 3.2. Relative output powers.
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Wavelength RIN(f) Vrms(fr) ag at f = f
(kHz) (dB Hz='/?) (dB Hz/v/Hz)
A 166 ~74.8 33.0 2.4
A2 345 —85.3 27.6 2.6
A3 205 ~70.0 31.5 3.8
V! 212 ~74.6 37.2 3.6

Table 3.3. f;, as well as RIN, Vppms, and estimated oy at f = f, for each laser
wavelength

to the resonance Q-factor. If the resonances are affected by feedback between
the intensities of the individual lasers, the lower Q-factor for A2 could be related
to its large spacing in resonance frequency from the other lasers. It could also be
related to its position as one of the first two lasers in the array counted from
the pump input, since the first laser does not experience pump fluctuations
caused by RIN fluctuations in lasers that are closer to he pump. However, a
likely explanation for the variations in Q-factor is variations in the Q-factors
of the solitary lasers (without effects of feedback).

3.8.6  Performance with Feedback to the Pump

Fig. 3.15 shows the RIN noise measured from the forward output when nega-
tive feedback was applied to the pump via the PID-controller. Again, the pump
power was kept close to 140 mW. Both feedback from the forward [Fig. 3.15
(a)] and the backward [Fig. 3.15 (b)] outputs were investigated. In the latter
case, the electronic gain of the feedback controller was increased by a factor of
71 compared to the former case, in order to partly compensate for the reduced
DC power at the monitor detector. The dashed line shows the RIN noise at
the feedback monitor detector. The peak in the monitor spectrum near 500
kHz is du to a relatively low stability phase margin of the electronic feedback
loop.

By comparing Figs. 3.14 and 3.15 one see that the main effect of the feedback
is to distribute the RIN-noise between the lasers. That is: When one laser
oscillates at its resonance frequency, the feedback compensates in such a way
that all four lasers starts oscillating at this frequency, but with such phases and
amplitudes that the total monitor power is stabilized. Consequently, there is no
significant overall improvement in the individual RIN noise levels due to the
feedback. It is interesting, however, to observe that the relaxation oscillations
of the laser A\2 has been reduced very effectively by the feedback. This may be
because of the relatively large separation of the relaxation oscillation frequency
of this laser from the other resonance frequencies, meaning that the remaining
three lasers are relatively insensitive to the feedback modulation of the pump
power at the relaxation oscillation frequency of A\2.
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Figure 3.14. (a) RIN and (b) Frequency noise from the array lasers without feedback
to the pump. The noise was measured from the forward output of the array.

The RIN at low frequencies of individual lasers with active feedback to the
pump was also investigated. When feedback from the forward output was used,
no striking noise phenomena could be observed (except for interference effects
in the wavelength demultiplexer). However, when the feedback monitor was
connected to the backward output, the forward output power was found to
make abrupt changes by 10 to 15 % in amplitude at intervals of 1 to 10 s.
The power changes occurred simultaneously and with the same sign at all laser
wavelengths. The reason for this behavior is believed to be sudden changes in
the lasing efficiency (or the forward to backward output ratio) of individual
lasers. Such changes will cause the feedback electronics to change the pump
power so that the backward output power is kept constant. This will, how-
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Figure 3.15. RIN with feedback to the pump from the (a) forward and (b) backward
outputs of the array. The RIN of each laser was measured from the forward output
of the array. The total RIN at the monitor detector is also illustrated.

ever, also cause changes in the remaining pump available for the EDFA, and
amplification of the forward output changes for all wavelengths.

Fig. 3.16 shows the laser frequency noise measured with feedback to the
backward output. Each of the spectra in Fig. 3.16 was measured simultaneously
with the corresponding RIN spectrum in Fig 3.15 (b).

One may compare the noise measurements in Figs. 3.14 through 3.16 with
the noise levels in Fig. 3.11 of a typical non-multiplexed lonas fiber DFB laser
with and without feedback to the pump. We see that without feedback to
the pump, the RIN and frequency noise levels are similar for the single laser
and the multiplexed lasers is Fig. 3.14. When feedback is applied, the RIN
is dramatically reduced for the single laser, accompanied by a removal of the
relaxation oscillation noise peak in v,,,,;. This noise reduction is not achieved
for the multiplexed lasers in Fig. 3.15.
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Figure 3.16. Frequency noise with feedback from the backward output of the array
to the pump.

3.9 Conclusion

The origins of relative intensity noise RI N and optical frequency noise v/.,s in
fiber DFB lasers has been studied both theoretically and experimentally. The
correlation between intensity and frequency fluctuations has also been studied,
in terms of the linewidth enhancement factor o, and the self heating coefficient
Tth-

The measured RIN ranges from a typical level of —118 dB Hz~'/2? between
f =10 Hz and 30 kHz to a maximum of —78 dB Hz /2 at the relaxation oscil-
lation frequency f,, and seems to be dominated either by random fluctuations
in the cavity losses (possibly due to fluctuations in the saturable absorption),
by spontaneous emission noise, or by a combination of the two noise sources.
fr varies between the investigated lasers from 166 to 345 kHz. Calculations
indicate that the spontaneous emission induced noise (both RIN and vy.,s)
can be reduced to negligible levels (3.22) if the laser mirror transmissivities are
sufficiently low (effective kL 2 10). Unfortunately, we do not know the mirror
transmissivities for the investigated lasers.

A fundamental source of laser frequency noise v,,,; seems to be the random
diffusion of thermal energy within the fiber cross-section. Above f = 1 kHz,
except for near f = f,., the measured v, is typically 0 to 6 dB above the
thermal noise floor expected from measurements of fiber interferometer noise
published in [22, 23, 5, 21]. For a fiber DFB laser with a 10 mm effective cavity
length, the expected thermal noise floor decreases from ~ 25 dB Hz/ VHz at
f=1kHz to~ —5dB Hz/ /Hz 1 MHz. The measured increase above this
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floor for f < 50 kHz is believed to be due to acoustical noise. Above f = 50
kHz, the origin of the excess noise is more unclear.

For f < 1kHz an 1/f component is observed in v;.,,s, which is qualitatively
similar to the polarization beat frequency noise observed in Chap. 8 for a
different laser. The origin of the 1/f noise has not been identified.

Near f = f. the optical frequency and intensity fluctuations are found to
be highly correlated, and related by the linewidth enhancement factor o, ~
2Upms/(f RIN). A low value of ¢ is thus desirable in order to reduce vy, (f).
Low values of ¢ are also expected to improve the lasers tolerance to external
reflections, as will be further discussed in Chaps 4 and 5. Our measured values
for oy at f = f, range from 2.1 to 3.8, as compared to typically from 3 to 7 for
semiconductor lasers. To our knowledge, this is the first time that values for
a, in a fiber laser is reported experimentally. Calculations reported in [13] (not
including possible thermal contributions to «,) indicate that o, will depend
strongly on the laser wavelength, going through zero somewhere near 1540
nm. «, is also expected to depend on a number of other parameters, such as
frequency f, pump power, and saturating signal power in the cavity (which is
strongly dependent on xL). We observed a strong decrease in ¢, with increasing
f within the relaxation oscillation ~ 25 dB bandwidth from 170 to 270 kHz..

At frequencies well below f, the only laser noise contributions that depend
on «ay are spontaneous emission induced frequency noise and noise due to cold
cavity loss fluctuations. The coupling to v,,s from RIN components that are
induced by loss fluctuations or pump noise is believed to be dominated by
thermal effects at these frequencies.

By comparing the pump modulation responses of the laser output power and
the optical frequency shift we have determined the frequency response ry,(f)
of the Er-doped fiber to self heating from power dissipation in the core at fre-
quencies below the relaxation oscillation peak (f < 180 kHz). Good agreement
with theoretical calculations was found for f > 400 Hz. The theory shows
that the fiber boundary conditions (heat sink), which were not known for the
investigated fiber, are of great importance at lower frequencies.

The spontaneous emission induced frequency noise in fiber DFB lasers is typi-
cally many orders of magnitude smaller than in semiconductor lasers, due to the
much lower effective laser mirror transmissivities and longer cavity roundtrip
delays. Other noise sources, such as thermal fluctuations, are found to dom-
inate in fiber DFB lasers. The huge difference in spontaneous emission noise
levels explains why fiber DFB lasers have linewidths that are much smaller
than semiconductor lasers.

We have verified that active stabilization of the laser RIN by feedback to
the pump laser from a detector monitoring the fiber laser output power effec-
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tively removes the relaxation oscillation peak from the optical frequency noise
spectrum.

The observation that single polarization fiber DFB lasers can be multiplexed
along a single fiber with a common pump without significant degradation of the
noise performance is promising for the possibility of performing multiple point
distributed sensing with fiber DFB lasers. It is also promising for the possibility
of making compact, low cost, and accurate multiple wavelength sources.
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Chapter 4

Stability of Distributed Feedback Fiber Lasers
with Optical Feedback!

Abstract — The tolerance of two fiber distributed feedback lasers to
external back-reflection from discrete reflectors and to Rayleigh back-
scattering has been investigated. The results show a reduced feedback
sensitivity for the longer laser grating.

4.1 Introduction

Fiber distributed feedback (DFB) lasers used as sensor elements with optical
frequency interrogation is an attractive high resolution alternative to passive
Bragg grating sensors. Remote pumping and interrogation of such sensor lasers
without the use of an optical isolator near the sensing point may be required.
However, this will introduce Rayleigh back-scattering into the laser from the
lead fiber. If in addition several laser sensors at different wavelengths are serially
multiplexed along the same fiber [1], each laser may also experience discrete
external reflections from the grating side-bands of the other lasers.

It is known that back-reflections into narrow linewidth semiconductor lasers
may cause increased frequency noise, or even self pulsing. The tolerable back-
reflection level of such lasers has been found to decrease with increasing ex-
ternal cavity length and with decreasing laser mirror reflectivity [2]. However,
important laser parameters such as the frequency and relative linewidth (in-
verse Q-value) of the relaxation oscillation resonance and the coherence length

1 This chapter contains a re-edited version of [E. Rgnnekleiv and S. W. Lgvseth, ”Stability of Distributed
Feedback Fiber Lasers with Optical Feedback”, in 13th International Conference on Optical Fiber Sensors,
Proceedings of SPIE Vol. 3746, pp. 466-469, 1999].
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of the solitary laser differ largely, typically by orders of magnitude, between
semiconductor lasers and fiber DFB lasers. Therefore, few quantitative conclu-
sions can be made about the back-reflection tolerance of fiber DFB lasers from
existing work on semiconductor lasers.

In this paper we investigate the feedback attenuation required for stable
operation of Er®* fiber DFB lasers experiencing Rayleigh back-scattering or
discrete end-reflection from fiber lengths ranging from ~ 10 m to 13 km. We
also discuss the possibility of improving the tolerance to back-reflections by
increasing the DFB grating strength and/or by using a laser with asymmetric
output characteristics.

4.2 Experiments and Results

Two Er** doped fiber DFB lasers, made by IONAS, Denmark, with grating
lengths of 5 and 10 ¢cm and nominal 7/2 phase-shifts at the grating center
have been investigated. In the following they will be denoted DFB1 and DFB2,
respectively. From a heat scan measurement [3], the coupling coefficients were
estimated to k = 170 m ! for DFB1 and x = 150 m ! for DFB2, giving total
grating strengths of kI = 8.5 and 15, respectively. Fundamental mode operation
at the Bragg resonance frequency was verified for DFB1, while it was found
that DFB2 could switch from the fundamental to a higher order longitudinal
mode, depending on how the fiber was mounted. The higher order mode of
DFB2 was found to be highly asymmetric, with a 15.8 dB ratio between the
left and the right output power. When operating in the fundamental mode this
ratio was 0.9 dB for DFB1 and 6.0 dB for DFB2. Both lasers were operating
in only one polarization mode, and the laser wavelengths were 1551.1 nm for
DFB1 and 1554.6 nm for DFB2.

The experimental setup is shown in Figure 4.1. The fiber laser was pumped
at 1480 nm from the left through a 1480/1550 wavelength division multiplexer
(WDM). Both lasers were pumped through their high output power ends. The
output from the 1550 branch of the WDM was guided through a 50 dB optical
isolator (ISO) and split by a 3 dB coupler, enabling the fiber laser frequency and
the output power from the left to be measured simultaneously. The frequency
was measured using a Mach-Zender interferometer (MZ), having an imbalance
of 101.5 m and fringe sensitivity of 321 kHz/rad. A polarization controller
(PC2) was used to optimize the interferometer response, and quadrature op-
eration was ensured by feedback from the differential detector (D1 and D2)
to a PZT stretcher inside the interferometer through a low-pass filter (LPF).
The laser output power to the left was measured with detector D3, and was
kept at 121 uyW for DFB1 and 313 uW for DFB2 during all the experiments.
The relative intensity noise (RIN) and frequency noise of the lasers without
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Figure 4.1. Experimental setup for investigation of DFB fiber lasers with optical
feedback.

back-reflection in the frequency range from 2.4 to 930 kHz were measured to
be 5.6 kHz and -36 dB (RMS values) for DFB1 and 6.5 kHz and -43 dB for
DFB2. The 3 dB bandwidth and center frequency of the relaxation oscillations
were roughly 8 kHz and 207 kHz for DFB1 and 18 kHz and 238 kHz for DFB2,
respectively.

The right end of the fiber laser was connected through a variable optical
attenuator (VA) to various fiber delay coils, ranging in length from a few meters
to 13 km. By terminating the ends of the delay coils with bending losses,
the effect of Rayleigh back-scattering at different attenuator settings could
be investigated. To study the effect of back-reflection from a discrete point, we
used a mirror with -0.75 dB reflectivity or a -14.5 dB cleaved fiber end reflector.
The PZT phase modulator and the polarization controller (PC1) were used to
control the phase and polarization of the feedback signal. Standard telecom
fiber of varying fabricates were used in the delay coils, and the back-scattered
Raleigh power per unit length may have varied by +1 dB between the coils. The
lengths and transmission losses were measured with an OTDR. Connector and
splice losses were measured, and have been included in the stated attenuation
values.

For Rayleigh scattering, one important parameter is the length of back-
scattering fiber the laser can tolerate before the noise induced by back-reflection
start to dominate over other noise sources. For longer lengths, it is interesting
to know the attenuation required to maintain stable operation. The RMS fre-
quency noise of DFB1 seemed unchanged for fiber lengths up to 37 m, but at
142 m the laser was self pulsing with excessive frequency noise. The noise of
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Figure 4.2. Attenuation needed for stable operation in frequency and intensity of
DFB1 and DFB2 exposed to Raleigh scattering from fiber delay as a function of delay
lengths. Curves with square markers ( [J) show the smallest attenuation measured to
get CW operation (see main text), whereas curves with circular markers () show
the smallest attenuation needed for max. £20 kHz relaxation oscillation amplitude.

DFB2 seemed unchanged for lengths up to 273 m. With 13 km of fiber, RMS
noise of 37 kHz with bursts of £170 kHz could be observed. We also measured
the attenuation needed between the delay fiber and the DFB fiber lasers to
avoid frequency noise bursts with amplitudes exceeding +20 kHz during a pe-
riod of 12 s and the attenuation needed for continuous wave (CW) operation
for the same duration. By CW operation we mean that the intensity should
not have any noise with amplitude larger than 30 % of the DC value.

The results of the Rayleigh measurements are displayed in Figure 4.2. As
seen from the figure, DFB2 is considerably more stable than DFBI1 for fiber
lengths above 100 m. At 13 km, the attenuation needed to avoid excess noise
with DFB1 was 19.2 dB higher than with DFB2. DFB2 was only showing small
signs of self oscillation at 13 km delay, with only 0.5 dB attenuation required
for CW operation. DFB1, on the other hand, started self-oscillations for at-
tenuation levels only slightly below those where the frequency noise started to
increase, and at 13 km delay, 36.7 dB attenuation was needed for CW opera-
tion. Also note that the attenuation needed seems to approach saturation for
the longest fiber delays from 2 to 13 km. This is expected, since the Rayleigh
scattering feedback per fiber length levels will be lower far away from than
close to the laser due to the fiber transmission losses. In addition, the longest
lengths correspond to several relaxation oscillation periods [2].

As discussed by Petermann [2] and others, a discrete reflector will shift both
the intensity, frequency, and linewidth of the laser, depending on the phase of
the back-reflection. In a real sensor application, the phase of back-reflections
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Figure 4.3. Laser intensity (left) and frequency (right) response as a function of
phase modulation frequency of feedback from a distance of 28.5 m (DFB1) and 29.5
m (DFB2).

may drift at various speeds due to mechanical vibrations in the lead fiber. It
is thus interesting to investigate how the laser frequency and intensity ampli-
tudes vary with the phase modulation speed. Setting PC2 to the position of
largest possible response, we measured this frequency response for a distance
between the reflector and the fiber lasers of 29 meter. Phase modulation was
obtained by driving the PZT ring in the delay with a triangular waveform.
For phase modulations speeds far below the relaxation oscillation frequencies,
this produced fringes in the laser frequency and intensity which easily could
be measured with an oscilloscope. For larger phase modulation speeds, large
relaxation oscillations were triggered and we had to estimate the frequency
response from the Fourier spectra of the oscilloscope traces. The results are
shown in Figure 4.3. Note that different feedback levels were used in the mea-
surements, and that DFB1 starts to self-oscillate for modulation speeds close
to the relaxation oscillation peak even at a feedback level less than -60 dB.

Similar to the Raleigh scattering case, we measured the largest feedback with
less than 6 dB worst case increase in RIN, with less than +20 kHz relaxation
oscillation amplitude, and with CW laser operation. The two latter results are
shown in Figure 4.4. The phase of the feedback was again modulated with the
PZT, yielding comparable noise bursts at each fringe. The figure shows the
feedback level for a phase modulation speed of 1 and 10 kHz for the frequency
noise and 1 kHz for the CW limit measurements. The largest feedback levels
for 10 kHz are slightly larger than for 1 kHz. The explanation is probably that
the laser in the former case are shorter period of time in the unstable regime.
The tolerable feedback seems to approach constant levels for delays longer than
one relaxation oscillation period, corresponding to a fiber delay of roughly 500
m. This is in agreement with the theory for semiconductor lasers [2].
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Figure 4.4. Maximum feedback allowed from discrete reflectors for stable operation in
frequency and intensity of DFB1 and DFB2. Curves with circular (O) and square (0J)
markers show the largest feedback allowed to get a maximum relaxation oscillation
amplitude of +£20 kHz for a back-reflection phase modulation speed of 1 and 10 kHz,
respectively. Curves with diamond (<) markers show maximum feedback allowed for
CW operation for a back-reflection phase modulation speed of 1 kHz.

4.3 Conclusion

We see from the measurements that the 10 cm DFB2 with sl ~ 15 can tol-
erate back-reflection levels that are about 20 dB higher than the 5 cm DFB1
with kI ~ 8.5. This is believed to be due to a weaker coupling of the laser
modal power of DFB2 to the external cavity [2]. Since the longitudinal mode
of operation in this laser during the experiment is not known, clear conclusions
cannot be made about the reason for this weak coupling. If DFB2 was oper-
ating in its fundamental mode, an important reason is probably the increased
intensity concentration near the phase-shift position for higher i values [3].
In theory, an increase in k! by 6.5 corresponds to a reduction in coupling effi-
ciency by e~%5 | and the tolerable back-reflection level should thus be increased
by 20log;y(e%?) = 56 dB.? Not included in this estimate are possible effects
of non-linearities due to the high intensity inside high xl lasers, which may
contribute to a reduced stability.

2In the conference proceding we wrote that the tolerable back reflection level is increased by 28 dB, which
is wrong.
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If DFB2 has been operating in the higher order mode, the improved tolerance
to back-reflection should rather be explained by the 16 dB output asymmetry
of this mode. This corresponds to an external cavity coupling coefficient that
is 16 dB lower to the left than to the right, and the tolerable feedback level
should thus be higher by 16 dB at the right side. In principle, asymmetric
output lasers could be exploited by mounting the laser with the low output
end pointing towards the source of back-reflections, i. e. the lead fiber. The
expense of such a solution would be a reduced output power returned through
the lead fiber.

The maximum length of Rayleigh back-scattering fiber that would give no
excess noise without attenuation was found to be around 100 m for DFB1 and
around 300 m for DFB2. DFB2 can however be made free from excess noise for
all the investigated fiber lengths up to 13 km by introducing a 10 dB attenuator
at the laser wavelength near the laser. Again, this would give a 10 dB reduction
in output power.
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Chapter 5

Stability of an Er—Yb-doped fiber
distributed-feedback laser with external
reflections!

Abstract — The maximum tolerable amplitude backreflection coefficient
Test,c into a fiber distributed feedback (DFB) laser before the onset of
instabilities has been investigated. 7., . was found to decrease with in-
creasing external cavity lengths up to ~320 m and to be proportional to
the relative linewidth of the relaxation oscillation resonance. The toler-
able length of Rayleigh backscattering standard telecom fiber was found
to be 135-200 m. An observed degradation in the laser stability and slope
efficiency at low pump powers is believed to be due to UV-induced sat-
urable absorbers.

5.1 Introduction

Fiber distributed-feedback (DFB) lasers are attractive used as sensor elements
with optical frequency interrogation because of their low level of frequency
noise? and stable longitudinal mode operation. Remote pumping and interro-
gation of such sensor lasers through a long lead fiber may be required. For
operational reasons, the use of optical isolators near the sensing point may be
undesirable. Consequently, the laser will experience Rayleigh back-scattering
from the lead fiber. If in addition several sensor lasers at different wavelengths

IThis chapter contains a re-edited version of [E. Rgnnekleiv, O. Hadeler, and G. Vienne, ”Stability of
an Er-Yb-doped fiber distributed-feedback laser with external reflections”, Opt.. Lett., Vol. 24, pp. 617-619,
1999].

© 1999 Optical Society of America

27]ow-frequency noise” in the original paper has been corrected to ”low level of frequency noise”
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are serially multiplexed along the same fiber [1], each laser may also experience
reflections from the grating side-bands of the other lasers. It is known that
external backreflections can cause excess frequency noise or even self-pulsing
in narrow linewidth semiconductor lasers [2]. This problem increases with de-
creasing laser mirror reflectivity and with increasing distance to the external
reflector. However, important parameters such as the optical coherence lengths
and the relaxation oscillation resonance Q-factors and center frequencies dif-
fer largely between semiconductor lasers and fiber DFB lasers. Therefore, few
quantitative conclusions can be made about fiber DFB laser stability from
existing work on semiconductor lasers.

5.2 Experiment

In this Letter we report on the tolerance of an Er—Yb-doped fiber DFB laser
to external backreflections. The investigated laser operated at 1549 nm in two
polarization modes and was pumped by a 1480-nm laser diode. We produced
laser operation by writing a symmetric 7 phase-shifted grating of length L =40
mm into a UV-sensitized B-Ge doped ring enclosing the Er—Yb doped core of
the fiber [3]. Dy-loading was used to enhance the UV-sensitivity. The grating
coupling coefficient of the laser was measured by a heat-perturbation method
[4] to be k =230 m '+10%. Before UV exposure but after Do-loading of the
fiber, the fiber transmission spectrum was measured for various pump powers.
From these measurements, the absorption (a,) and gain (g,) at zero and full in-
version, respectively, at the laser signal (z = s) and pump (z = p) wavelengths
were found to be [as, a,, g5, gp) = [11.7, 8.9, 15.9, 3.0] dB/m. The spontaneous
emission power at full inversion was Py, = 4.1 mW/m.

Figure 5.1 shows the measured left + right output power (crosses) emitted
from the laser versus pump power. Curve A shows the theoretical output power,
obtained from the measured gain parameters of the unexposed fiber and a DFB
laser model described elsewhere [5]. The measured slope efficiency increases at
low pump power and approaches a constant value of 0.7% above 40 mW. This
indicates that bleachable absorbers are present which saturate for pump powers
of >40 mW. We obtained a good theoretical fit (curve B) by assuming a lifetime
reduction (”quenching”) by a factor of ( = 26 for a fraction £ = 37.7 % of
the Er-ions, and unbleachable losses of ag = 0.243 dB/m. Here, £ is essentially
determined by the laser threshold, ¢ by the position of the "knee” in the output
power curve near 30 mW and ag by the slope efficiency at high pump powers.

It may be noted that higher slope efficiencies (>10%) could be obtained
by pumping at 980 nm. However, the high pump absorption per laser in this
case makes serial sensor multiplexing impossible. Moreover, the increased heat
dissipation from the laser may disturb the sensor performance. For accurate
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Figure 5.1. Measured laser output power (crosses) and relaxation oscillation @ factor
@ (circles) versus pump power. Solid lines, theoretical output power assuming that
A ¢E=0,a0=0;B,&=37.7%, ( =26, ap = 0.243 dB/m.

interrogation of the laser as a sensor, the output power obtained with 1480 nm
pumping is more than sufficient.

Before UV exposure the loss saturation versus bleaching power was measured
for the laser fiber at 1535 nm. Parameter fitting to these measurements shows
that less than .. = 5 % of the Er-ions were quenched by the factor { = 26.
The unbleachable losses were limited to ag < 0.3 dB/m. Moreover, the trans-
mission spectrum versus pump power measurements show that the effective
value of £ does not vary significantly between 1535 nm and 1549 nm. Conse-
quently, the majority of the bleachable absorbers seem to have been introduced
during the UV exposure.

The relaxation oscillation resonance Q factor @, = f./Af,. of the solitary
laser was also measured, and is shown by the open circles in Figure 5.1. Here,
fr is the peak frequency and Af,. the 3-dB peak width of the intensity noise
spectrum. Below a pump level of 40 mW the laser was self pulsing. Above
40mW a steep reduction in (), was observed, parallel with the bleaching of
the UV-induced absorbers. It is known that bleachable absorbers can cause
laser instabilities [6], and we believe that the bleachable absorbers play an
important role in reducing the stability of the investigated laser at low pump
powers. f,. followed a nearly linear dependence (+1.5 kHz) on the pump power
from f,=109 kHz at 42 mW to f,=207 kHz at 83 mW.

Figure 5.2 shows the setup that we used to study the effects of backreflections.
The laser was pumped from the left, and the left output power was guided
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Figure 5.2. Setup for study of backreflection-induced self-oscillations: F.gen., function
generator.

through a wavelength division multiplexer (WDM), a polarization controller
(PC2), an isolator (ISO) and a polarization beam splitter (PBS) to detectors
D1 and D2. PC2 was adjusted such that each detector received light from
only one laser polarization mode. Backreflection into the right-hand end of the
laser with variable attenuation, phase shift, polarization shift and delay was
generated by use of a variable attenuator (VA), a piezoelectric fiber stretcher
(PZT), a polarization controller (PC1) and a selection of delay coils with -14.5
dB cleaved end reflectors (Refl.).

With an external cavity length of L., = 22.3 m and a pump power of 83
mW, the effective external reflection coefficient r..; seen by the laser was first
adjusted to its critical value, rey . = —28.3 = 1 dB, where relaxation oscilla-
tion noise bursts started to occur for worst-case settings of PC1 and the PZT
voltage. By ”worst-case” we mean that the noise amplitude was at its maxi-
mum. Figure 5.3 shows the evolution of the left output power P from the
laser (recorded by D1 4+ D2) when the PZT was driven by a triangular wave-
form. The round-trip phase modulation ¢,,, induced by the PZT is also shown
in the figure. The periodic relaxation oscillation noise bursts are believed to
be related to mode hopping or to unstable regimes at the transitions between
external cavity modes [2]. For higher backreflection levels the laser was contin-
uously self-pulsing. The deterministic dependence of Py on ¢,,, is believed
to be due to a modulation of the effective right-hand mirror reflectivity of the
laser.

When PC1 was in its worst case position, the power fluctuations of the two
laser polarization modes were practically equal and in phase. This indicates
equal backreflection phase shifts for the two polarizations. For other settings
of PC1, the fast relaxation oscillations of the two polarizations would still be
in phase, but the sign of the deterministic power oscillations could be made
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Figure 5.3. Scope traces of the left-hand output laser power P.f; and of the phase
modulation signal ¢, applied to the PZT. Loy = 22.3 m and reze = Tept e

opposite for the two modes. For moderate phase modulation speeds (d¢,,,/dt <
5 rad/ms), res . could be increased by at least 10 dB by adjustment of PCI.
However, control of the reflected polarization to ensure stability is believed to
be unrealistic in most real applications.

Figure 5.4 shows 7y . measured for nine different combinations of L.y and
pump power, with worst-case settings of PC1. Simulation results reported for
semiconductor lasers [7] show that 7., . versus L., decreases steeper than —20
dB per decade for L., < L, = ¢/2nf,, and flattens out for longer lengths.
Here, L, corresponds to a feedback delay of one relaxation oscillation period, ¢
being the speed of light in vacuum and n the refractive index of the fiber. The
results in Figure 5.4 are in qualitative agreement with the simulations.

For L¢y =22.3 and 318 m the measurements satisfy rez. o< Q) I to within
40.6 dB. This is expected, as it can be shown that the phase stability margin
of the intensity feedback loop that causes the relaxation oscillation resonance
of the solitary laser equals @, ! (rad). For L.,; =1518 m the deviations from
Text,e X @) I are larger. This may be related to variations in the relaxation
oscillation phase ® = 27 L.,/ L, of the external feedback when L, changes (c.f.
table in Figure 5.4).

The feedback parameter [2, 7] C' can be written for a DFB laser as

2Ly
Cc = 1+052 I tTQTemt (51)

L
= 4/ 1 —+ CM24K eXp(—/iL)Lea:tTea:ta
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Figure 5.4. Measured critical external reflection coefficient e . for several external
cavity lengths L.,;; and pump powers.

where L, = 2/k is the effective round-trip path length of the laser, L the
DFB-grating length, T, = 4 exp(—~L) is the power transmission coefficient of
the right half of the grating, o = dy’/dx” the linewidth broadening factor and
x = X'+ ix” the complex susceptibility of the gain medium. The limit C =1
when assuming a = 3 is shown in Figure 5.4. Below this line, only one external
cavity mode solution will exist for any value of ¢,,,, and mode-hopping cannot
occur. Still, unlike the findings for semiconductor lasers [2, 7], self oscillations
were observed for the laser that we investigated in this regime. This may partly
be due to errors in the estimates for a and s, which may cause significant errors
in C. Moreover, it is believed that high-(),. lasers like the one investigated can
become unstable even for C' < 1. This is because the laser stability margin Q!
will be somewhat modified by the backreflection.

Simulation results reported for an Er-doped amplifier [8] indicate that « is
proportional to the signal to saturation power ratio P;/ Psut, approaching o ~ 3
for Ps/Ps,: = 20. For our laser an effective ratio 4 < P/ Py < 20 is estimated,
depending heavily on the £10% error margin of x. Thermal effects may also
contribute to the effective value of «, as the refractive index depends on the
laser power through self-heating of the cavity.
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We tested the tolerance to Rayleigh back-scattering by disconnecting the
variable attenuator and splicing a coil with standard telecom fiber to the right-
hand laser output. The coil end was terminated with bending losses. For 83-mW
pump the laser was found to be stable with Rayleigh scattering from <135 m of
fiber. At 135 m noise bursts could be observed in response to severe acoustical
noise, such as clapping hands in the laboratory. Bursting or continuous self
oscillations were observed for lengths of >200 m. The dashed line in Figure
5.4 corresponds to a typical Rayleigh back-scattering level of -72 dB/m. The
cross-over point between this line and the straight line interconnecting the
discrete reflection measurements is at 175 m, which is in good agreement with
the Rayleigh measurements.

5.3 Conclusion

In conclusion, we have found that r; . has a proportional dependence on the
stability margin @, ! of the solitary laser, and decreases with increasing external
cavity length for L.,; < L,.. Both the stability margin and the slope efficiency
of the laser were found to decrease dramatically at pump powers below 60
mW. This is believed to be related to saturable absorbers introduced during
the UV-exposure. The laser frequency noise was not measured in the present
experiment. However, recent backreflection studies of similar fiber DFB lasers
[9] have shown that the occurrences of excess frequency and intensity noise
are highly correlated. One way of improving the tolerance to backreflections
may be by increasing kL, as indicated by Eq. (5.1). There is, however, a
limit to how high xL can be made before the laser tends to operate in higher
order longitudinal modes [4]. Moreover, the effective value of @ may increase
as the intensity inside the cavity increases with kL, contributing to a reduced
backreflection tolerance.
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Part I11:
Polarization Modes

Chapter 6

Modeling of polarization mode competition in
fiber DFB lasers!

Abstract — A comprehensive model for steady state analysis of polar-
ization mode competition in fiber distributed feedback (DFB) lasers is
presented. Effects of polarization dependent grating non-uniformities, po-
larization dependent grating strength, coupling between the linear polar-
ization states due to twist or Faraday rotation, back reflections, cross-
saturation from serially multiplexed lasers, as well as spatially and polar-
ization dependent gain hole-burning are covered by the model. Regimes
of single and dual polarization operation are identified for different types
of polarization imperfections in the cavity. The output powers of the in-
dividual modes and the magnitudes of the hole-burning mechanisms are
also calculated and discussed.

Index Terms — DFB lasers, fiber lasers, gain hole-burning, laser mode
competition

6.1 Introduction

The fiber distributed feedback (DFB) laser was first demonstrated in 1994
[1]. Since then, promising results have been obtained in understanding and
improving the processes governing output power efficiency and output intensity

I This chapter contains a re-edited version of [E. Rgnnekleiv, M. N. Zervas and J. T. Kringlebotn, ” Mod-
elling of Polarization Mode Competition in Fiber DFB Lasers”, IEEE J. of Quantum El., Vol. 34, pp.
1559-1568, 1998] which has been modified to include the corrections and the extensions to theory contained
in [E. Ronnekleiv, M. N. Zervas and J. T. Kringlebotn, ”Correction to ”Modelling of Polarization Mode
Competition in Fiber DFB Lasers””, IEEE J. of Quantum El., Vol. 35, pp. 77, July 1999].
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noise from these devices [2], [3]. Advances in fiber Bragg grating technology also
indicates that it soon will be possible to produce high quality fiber DFB lasers
with high reproducibility and yield.

One motivation for investigating polarization mode competition (PMC) in
fiber DFB lasers is the possibility of using dual polarization fiber DFB lasers
as sensor elements in polarimetric sensor applications. By measuring the beat-
frequency between the polarization modes, the birefringence within the laser
cavity can be determined with high accuracy [4]. However, as observed in [4],
maintaining robust dual polarization operation in sensor lasers may be difficult
due to non-uniformity of the birefringence changes introduced when the laser
is brought into contact with the measurand.

Another motivation for this work is the requirement of single polarization
operation in lasers for telecommunication applications. Single polarization has
been observed in experiments [2], [3], [5]-[7], but the qualitative and quantita-
tive understanding of the requirements for single or dual polarization operation
is still poor.

Since Kogelnik et. al. introduced the DFB laser and applied the coupled
mode theory to model such a laser in [8], much work has been dedicated to the
modeling and understanding of semiconductor DFB lasers [9]-[11]. Much of this
work is also relevant for fiber DFB-lasers. However, there are also important
differences between semiconductor and fiber lasers, regarding waveguide ge-
ometries, gain medium properties and the maximum available grating strength
(kL). These differences call for a separate treatment of fiber lasers, like in [12].
PMC has not been much discussed in relation to semiconductor lasers, since
robust single polarization operation seems easily obtainable in the non-circular
waveguide geometries used.

PMC in fiber DFB lasers depends on a number of parameters and effects.
These include non-uniform birefringence, twist of the birefringence axes, po-
larization dependence of the grating strength, back reflections, gain cross-
saturation from other lasers in serially multiplexed systems, as well as gain
hole-burning effects. The work presented in this paper is aimed at obtaining a
better understanding of these effects and how they affect the laser operation.

The organization of this paper is as follows: In Section 6.2 we generalize the
DFB coupled mode equations to include polarization coupling from twist or
Faraday rotation. The grating super-mode solutions are introduced and briefly
discussed. Section 6.3 introduces the gain saturation model used in our sim-
ulations, and Section 6.4 presents a way of quantifying the contributions to
PMC from various gain hole-burning mechanisms. In Section 6.5, simulation
results are presented that illustrate the effects of various types of polariza-
tion imperfections on the requirements for single or dual mode laser operation.
Section 6.6 contains some concluding remarks. Details on the calculations of
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the polarization gain hole-burning, spatial distributions of different gain hole-
burning contributions, and a description of the numerical algorithm used for
the simulations are given in Appendixes 6.A, 6.B, and 6.C respectively.

6.2 Coupled Mode Formulation

The electric field E (z,t) in a birefringent single mode fiber Bragg grating may
be decomposed into the complex amplitudes of four intrinsic fiber modes. By
”intrinsic” modes we mean the linearly polarized propagation modes when gain,
loss and grating perturbations are removed. In vector notation we may write:

e K82 (000
— - . 7ZKBZ
Ban=rdce; Fo| 0000

000 eFs=

with A = [, 7, sz s, ]7. r and s represent the forward and backward

propagating modal field amplitudes, respectively, and the subscripts x and y
distinguish the polarization modes. Superscript 7" is used for matrix transposi-
tion. The phase of the elements of A are normalized with respect to the Bragg
wave-number Ky = 7/A, A being the grating period, through the diagonal
matrix F. w, ¢t and z denote frequency [rad/s], time and position along the
fiber axis, respectively.

We assume K 5 to be independent on z and express the propagation constants
of the intrinsic polarization modes as

ApJ,, is the deviation due to birefringence and z-dependence of the refractive
index. 6 = (w — wp) 9F/0w (rad/m) is the detuning referenced to a nominal
Bragg frequency wy = Kgc/n. ¢ is the speed of light in vacuum and n is a
nominal refractive index which is independent of polarization and position.

The polarization mode coupling originating from twist of the birefringence
axes or Faraday rotation is deduced in [13] and [14]. A model for coupling
between forward and backward propagating waves due to the index and gain
gratings, including the effects of the mean gain or loss, is deduced in [11]. We
here combine these effects in a 4-mode matrix coupling equation:

—

% = Ctot/_f; Ctot =C + G + D. (62)
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Here
[ —1 0 00
0 -1 0 0.
D = 0 010"
| 0 001
[ g 0 9gr 0
G — 0 g+ Ag 0 ggr+ Aggr
[ —d, r+p ik 0
- —r—p —d, 0 LKy
C = —ikt 0 dy r—p
| 0 —ik, —Tr+p d,
and
dm =1A8,, —a.

For practical reasons we have divided the total coupling matrix C;,; into three
parts. D contains the frequency dependence. G contains parameters that are
dependent on the pumping and saturating fields, and C contains the remaining
signal- and frequency-independent parameters.

g is the amplitude gain coefficient (resulting from the gain medium) and g,
is the (complex) gain grating amplitude. Ag and Ag,, are the gain and gain
grating differences between the birefringence axes due to polarization hole-
burning (PHB). a is the intrinsic loss coefficient and k., is the index coupling
strength in the m = z or y mode. The complex conjugation of x,, in the
lower left part of C is included for completeness only, since the assumption
of a z-independent Bragg period means that x,, can always be assumed to be
real. The polarization coupling parameters r and p (rad/m) represent the twist
rate of the birefringence axes and the Faraday rotation coefficient (in case of
magnetic fields present), respectively. Note that in the case of twist, the field
vector components of A refer to a twisted coordinate system that follows the
birefringence axes of the fiber.

The general solution of (6.2) may be written as a linear combination of four
grating ”super-modes”:

4
i=1

The eigenvectors u; and propagation constants — (v, + i(;) are the eigenvectors

and eigenvalues of Cy,;. (; may be interpreted as the difference between the
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spatial frequency of the super-mode and the Bragg wave-number Kp. v, is the
modal attenuation coefficient. In general the eigenvalues occur in reciprocal
pairs with opposite signs of (; and ~,.

With no cross-coupling between the polarization states (r, p = 0) the linear
polarizations are decoupled, leading to two x- and two y-polarized super-modes.
The full dispersion map of one such mode, in absence of any gain, loss or gain
grating, was illustrated in [15]. Within the stop-band of each polarization, given
by |6 + AB,,| < Km, there is a reciprocal set of two super-modes with ¢, = 0
and v; = £/(6 + AB,,)? + K2,

With the gain or loss magnitudes usually present in fiber DFB lasers (g, g4, a <
Km), the modifications of the eigen-solutions in (6.3) are small. In an ideal half-
period phase-shifted DFB laser operating in the fundamental longitudinal laser
mode, the super-modes with v, < 0 will dominate to the left of the grating
phase-shift and those with v, > 0 will dominate to the right. Since the laser
operates at the center of the stop-band, the intensity will decay with an expo-
nential rate of 2v,,,, = £2k,, from the phase-shift position, where ,,,,.. is the
value of v, at the center of the stop band. This x,,-dependence of the decay
rate is important for the interpretation of simulation results in section 6.5

6.3 Gain Model

We have focused on Er-doped amplifier media, which can be modelled by the
2-level rate equations [16]. At a position z in the cavity the local amplitude
gain is approximated as:

_ Gunsat . _ apTwle o
Gioc (¢) 1 + PS/Psat’ Gunsat Psat

as (6.4)
with
Peot = ([gp + ap] ruwFp + PSp/2) (gs + GS)il

Nmo/iL2 L2 wat 3
P, = Z_;(‘Rm‘ +)Sm‘ +2Re<e SmRm)>.

Here ¢ = 2Kz describes the phase relative to the index grating. gyunsq: 1s the
unsaturated gain, Psq is the saturation power at the signal wavelength, and P,
and P, are the pump and signal powers. R, = (72, Ty]m and S, = (S, Sy|m are
the right and left propagating fields of laser mode m, m = 1..N,,. This notation
covers any number N, of lasing modes. In the following sections, when only
two polarization modes are involved, the letters m = z, y will be used as mode
indexes. S*’; is the transposed conjugate of S... The gain medium parameters
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Js, gp, Gs and a, represent signal and pump gain at full inversion and signal
and pump absorption at zero inversion, respectively. Py, = ng,hvs/7, (W/m)
is the spontaneous emission power per unit length of fiber at full inversion,
with 74, being the spontaneous emission time, hv, the signal photon energy,
and ng, the ion concentration per unit fiber length. r,; is the ratio of the pump
wavelength to the signal wavelength.

The gain and gain grating coefficients g and g, that appear in (6.2) are given
by the zeroth and first order Fourier components of g.. (¢), respectively [17],
[18]. Based on (6.4) we generalize the expressions in [17] and [18] to allow for
multiple and arbitrarily polarized laser modes:

—-1/2

9 = Gunsat [(1 +ptot)2 - 4 |pc|2] (65)

GJunsa
Ggr = t |:1 a (1 +ptot) [(1 +ptot)2 —4 ‘pcﬁ}

71/2}

2p¢
Here
L2 L2
o [+ |30 S
ptotzz P.., ; pC:ZTt‘
m:1 Sa; m:1 S

Note that the gain grating coefficient g4, has the same phase as the normalized
standing wave power phasor p..
The pump absorption follows from the rate equations as:

I (04 q). (6.6)

Qa = Qy —
pUmp D
Js + ag

Egs. (6.4) to (6.6) cover the spatial hole-burning mechanisms. In addition,
polarization hole-burning (PHB) should be included in the model. PHB ef-
fects in erbium-doped fiber amplifiers (EDFAs) have been studied in [19]-[22],
and comprehensive ion anisotropy models as well as simplified approximate
formulas are presented in [21] and [22]. However, those simplified formulas do
not describe a reduction of the PHB magnitude at high gain compressions
(Ps/ Psat > 1) predicted by the comprehensive models. Numerical implementa-
tion of the comprehensive ion anisotropy models (c.f. Appendix 6.A) indicates
that the local gain difference between the polarization state of the saturating
signal and the orthogonal state Ag,. may be approximated by:

Agloc ~ n Dp Ps/Psat

~ . 6.7
Gunsat (]. + PS/Psat)z ( )

Here D, is the degree of linear polarization of the total power at the lasing
wavelength, defined in our model by (6.8) below. 7 is a material parameter



Chapter 6: Modeling of polarization mode competition... 93

AgIoc/gunsat

30, 20 -10 0 10 20 30 40
P/P_, (dB)

Figure 6.1. Normalized local PHB magnitude Agjoc/Gunsat versus normalized sat-
urating power Pj/Ps, with various degree of linear polarization D,. Solid lines:
Approximation (6.7) with n = 0.059. Dashed/dotted lines: Model of Wysocki et. al.
[15].

that depends on the magnitude of the ion anisotropy. When estimating n from
PHB measurements on EDFAs, it is necessary to eliminate the effects of the
random evolution of D, along the EDFA, as well as the contribution to the mea-
sured EDFA saturation from pump absorption. Wysocki et.al. [21] have taken
these effects have been taken into account when estimating the ion anisotropy
parameter (ratio of ion cross-sections orthogonal and parallel to the optical axis
of each ion, c.f. Appendix 6.A.) for an EDFA fiber to A = 0.535 or A = 2.17.
Based on those estimates we estimate n = 0.059 in Appendix 6.A.

Fig. 6.1 illustrates the dependence of Agioe/Gunsat O0 Ps/ Psqr and D), approx-
imated by (6.7) with n = 0.059 (solid lines), and calculated from Wysocki’s
model [21] (dashed and dotted lines). The approximation error is within +10%
and —18%. Note the drop in Ag,. at high intensities. (6.7) may be reduced to
Agioe = NDy(Gunsat — Gioe) for Py < Pygr, where gp,. is the saturated gain. This
is consistent with previously published approximations.

In a dual polarization laser the saturating power will be only partly polar-
ized, since the combined polarization state within the cavity oscillates at the
beat frequency between the laser modes. The degree of polarization may vary
spatially over a standing wave period if the standing waves in the two polariza-
tions are not in phase. However, in those cases the spatial hole-burning effect
on the PMC due to g, is expected to dominate over the PHB effects due to the
polarization dependence Agg, of g4, and no significant error in the simulations
should thus be introduced by ignoring this spatial modulation of D,,. For use in
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our model we therefore define an effective degree of polarization as the signed
quantity in terms of the mean x- and y-polarized signal powers averaged over
one standing wave period, denoted P, and Fy:

Dy ~ (P.—P)/ (Pt Fy)

N,
1 L ) ) ) ,
- — tZ(!mm\ 5ol = [ryml = [5yml?) . (6.8)
O sa m:l

As explained in Appendix 6.A, (6.7) leads to the following expressions for
the polarization dependent gain parameters of (6.2) provided that D, is does
not vary over the standing wave period:

(ptot + Py — 4 |pc|2)

Ag = nD. 372

P
|:(1 +ptot)2 -4 ’pc‘Q]
Agy, = nD, {1 n (8 |pc|2 +4 |pc|2ptot —(1 +ptot)3) }
g g 3/2 :
2P [(1 +pt0t)2 —4 ’pcﬂ

It may be noted that PHB contributions due to the circularly polarized part
of the saturating field, reported in [20], are not taken into account in (6.9).
However, for the present simulations (Section 6.5) the field ellipticities are low
or zero, and the omission of this effect should not affect the results significantly.

(6.9)

6.4 Quantitative measures of gain saturation

In earlier work [8]-[11] the single-pass gain parameter, defined as the gain expe-
rienced by a probe beam passing through the laser without interacting with the
reflectors, was used to study and compare modal thresholds. This parameter,
however, cannot reveal the important effect of gain hole-burning on multi-
moded laser operation.

An alternative measure for the threshold gain requirements of mode m is the
contribution rtg,, from the gain medium to the total modal round-trip gain
RTG,, (defined in Appendix 6.B). This parameter may be defined as:

Pain
Tt Gy = }]3 (6.10)

where P, is the power transferred from the gain medium to the laser mode
and P, = ‘ﬁ (2¢) ) . ‘5 (zc)‘ is the geometric mean of the modal powers travelling

in the right and left direction at the center z. of the laser. rtg,, compensates
exactly the cavity losses of any lasing mode.
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Figure 6.2. Examples of (a) local spatial hole-burning (LSHB) and (b) global spatial
hole-burning (GSHB).

The difference Artgipq = rtg, — rtg, between the gain contributed to the
laser polarization modes (m = z, y) must be due to the spatial and polarization
hole-burning mechanisms, i.e. different effective overlaps in space and polariza-
tion between the gain distribution and the modal intensity distributions. Three
contributing hole-burning mechanisms have been identified:

Artg, PHB contribution due to the polarization dependence of g and g (c.f.

(6.9)).

Artg, Local spatial hole-burning (LSHB) contribution which is present if the
two modal standing wave patterns have different phases relative to the
gain grating. This situation is illustrated in Fig. 6.2 (a).

Artg, = Artgioim — Artg, — Artg,. Global spatial hole-burning (GSHB) con-
tribution, which is due to the different global overlaps of the modal field
distributions and the gain, as illustrated in Fig 6.2 (b).

A more detailed description of how the hole-burning contributions are cal-
culated is given in Appendix 6.B.
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6.5 Simulation Results

A numerical approach, described in Appendix 6.C, has been used to compute
the expected PMC behavior of fiber DFB lasers with different types of po-
larization imperfections. By polarization imperfections we mean asymmetries
between polarization states that cause differences between the output powers
of the two polarization modes. The expressions for mode-coupling, gain satura-
tion and pump absorption described in Sections 6.2 and 6.3 were used for the
calculations.

The basic structure to which the polarization imperfections were added was
a L =70 mm uniform grating with a 7 (half period) phase-shift in the center.
The gain medium parameters used were [gs, gp, as, a,] = [22, 2.74,20, 8] dB/m,
Py, =52 mW/m, r, = 0.961, and n = 0.059. These numbers are representa-
tive for a highly Er-doped fiber pumped at 1480nm and lasing at 1540nm, with
a maximum gain (when P, — 00) at the laser wavelength of 11.3 dB/m, and
with a pump saturation power of 2.95 mW. The intrinsic loss a was assumed
to be zero. A pump power of P,y = 50 mW launched from the left end (z = 0)
was assumed for all the simulations.

Note that due to the scaling properties of the coupling equation (6.2), all
results given in this section are valid for any scaling of the z-axis, provided
that the normalized values for the detuning 6,,L, gain medium parameters
9sL,gpL,asL, a,L and the parameters contained in CL are all preserved.

The main results are plotted in Figs. 6.3-6.5, 6.7, 6.8, and 6.11, with the mag-
nitudes of different polarization imperfections along the respective horizontal
figure axes. Row (a) of these figures shows the regimes of grating strength L
that cause single and dual polarization operation. The single and dual mode
thresholds computed were, except for the case with cross-saturation in Fig. 6.10,
found to be quite insensitive to further increases of the pump power towards
infinity.

In row (b) the magnitudes of the different gain hole-burning contributions
at the border between the single and dual polarization regimes of row (a) are
illustrated with curves for Artg;, Artg, + Artg, and Artgipa, c.f. Section 6.4.
Note that Artg, is given implicitly by the relation Artgioa = Artg, + Artg, +
Artgy.

In row (¢) kL = 9 is assumed. The absorbed pump power and the total
output power (right+left) of both laser modes are plotted. The left to right
output power ratio of the individual modes (not displayed) was found to be
within 140.002 in all cases, except for the case of back reflection in Fig. 6.9. In
that case the left to right output ratios was within 1+ 0.05 for back reflections
below —32 dB.
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Figure 6.3. (a) Regimes of single and dual polarization operation, (b) differential
gain contributions (Artg; = 0 in this case) and (c¢) output power and absorbed
pump power. All quantities are plotted against a polarization dependence of the
grating strength AxL.

6.5.1 Polarization dependent grating strength

Fig. 6.3 illustrates how the PMC evolves with a polarization dependence of the
grating strength, quantified by AxL where kK = k; and Ak = Ky — Ky.

Fig. 6.3 (a) shows that the dual polarization threshold increases slowly at low
polarization imperfection magnitudes. At higher magnitudes, AxL 2 0.04, the
slope of the threshold starts increasing progressively. The single polarization
threshold stays unchanged, as expected since the grating strength k, experi-
enced by the first lasing mode is not changed.

From Fig. 6.3 (b) we see that the hole-burning contribution Artge to
the differential round-trip gain at the dual polarization threshold increases
towards a maximum at AxL = 0.027 and then decreases for higher imperfection
magnitudes, approaching zero very rapidly for AxL 2 0.06. Artgsa is seen
to be composed mainly from the PHB contribution Artg, at low values of
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ArxL. The LSHB contribution is zero, since the phase of the modal standing
wave intensity modulation is independent on the coupling parameter &, ,. The
GSHB contribution Artg, = Artgiwa — Artg, contributes somewhat, due to
the different spatial decay rates of modal intensities from the center of the
cavity (c.f. the end of section 6.2).

The cold cavity round-trip loss rtg;,ss for a mode may be expressed as the
ratio between the total laser output power arising from that mode and the
modal power travelling in one direction at the center of the grating. It can be
shown (c.f. the end of Sec. 6.2) that

TtG10ss ~ 8exp(—kL)) (6.11)

The difference in rtg;,ss between the polarization modes due to Ax must equal
Artgoar, which implies the following relation:

Artgiora =~ 8AKkL exp(—kL). (6.12)

Analysis of the dual polarization thresholds and total hole-burning magnitudes
plotted in Figs. 6.3 (a) and (b) confirm the relation (6.12).

The evolution of the dual polarization threshold kL versus AxL in Fig.6.3 (a)
is decided by the condition that the gain difference due to the hole-burning must
match the gain difference in (6.12). The available hole-burning contribution
depends on the effective level of the saturating signal intensity P, within the
cavity. As mentioned in Sec. 6.2, P decays exponentially on a global scale from
the central phase-shift position, with an exponential decay rate of 2k, ,. This
decay implies that most of the stored laser energy is concentrated near the
center of the grating. It follows from (6.11) that the saturating power P; at the
central phase-shift position equals 4 exp(kL) times the one way laser output
power. Py in the central region of the cavity thus increases exponentially with
kL.

At small values of AxL we see from Fig.6.3 (a) that the dual polarization
threshold value for kL is close to the single polarization threshold. The effective
saturation intensity in the cavity therefore increases relatively slowly in this
regime, due mainly to the increase in laser output power as xL increases above
the single polarization threshold. The increase in Artg, with AxL within this
regime may be explained by the increase in PHB magnitude with increasing
saturating power for P;/P;,; < 1, as seen in Fig. 6.1.

The laser output power saturates when kL increases well above the single
mode threshold. The effective saturating power in the cavity is then essentially
proportional to 4exp(xL). Fig. 6.1 and (6.7) show that the PHB is inversely
proportional to P/ P, at high saturating powers, and Artg, is therefore essen-
tially proportional to exp(—~xL) at these high xL-values. By comparing with
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(6.12) we see that the increase in the required Artgi,a as AxL increases can
not be compensated solely by the PHB in this regime by increasing xL. Actu-
ally, the ratio Artg,/Artg, increases with AxL in Fig. 6.3 (b), confirming that
the GSHB plays an increasingly important role as AxL increases.

Analytic approximations like the one in (6.12) for the required hole-burning
at dual polarization operation are not available for the other types of polar-
ization imperfections discussed in the following sub-sections. However, as seen
from (6.11), the round-trip loss of each laser mode in an ideal cavity decreases
exponentially with increasing L. It is therefore reasonable to believe that dif-
ferential losses introduced by other types of polarization imperfections will also
decrease rapidly with increasing xL.

Fig. 6.3 (c¢) shows that for kL = 9 the laser will be single-moded, as required
for a telecommunication CW-source, when AxL > 0.066. For birefringence
sensors applications a polarization output power ratio smaller than 2 is a rea-
sonable requirement, for which AxL < 0.023 is needed.

Polarization dependencies up to 8 % of the total photoinduced index change
was reported in [23], depending on the polarization of the UV-exposure and on
fiber properties. One may expect similar values for Ax/k in a photoinduced
grating. Even higher values for Ax/k were reported in [24] for a fiber with high
stress-induced birefringence. Control of the polarization of the UV-exposure
thus seems to be important, for controlling the PMC in fiber DFB lasers.

6.5.2 Polarization dependent chirp

Fig. 6.4 illustrates how PMC depends on chirp of the y polarization propa-
gation constant 3,. This is equivalent to chirping of the y polarization Bragg
wavelength while the x polarization Bragg wavelength is kept constant. Solid
and dashed lines illustrate linear and square chirp, respectively, as given by

(c.f. (6.1))

AB,=AB(z—L/2)/L (linear chirp)

AB, =4AB(z—L/2)*/L* (square chirp). (6.13)

The results in Fig. 6.4 are qualitatively similar to those shown for the polar-
ization dependent grating strength in the previous section, except for he dual
polarization threshold for the square chirped laser in Fig. 6.4 (a) which shows
signs of saturating for AGL = 5. Unlike the case illustrated in the last sec-
tion, there are also some contributions to Artgy,e from LSHB in the chirped
lasers, since the standing wave phase is affected by the polarization dependent
variations of the propagation constant throughout the cavity.

Polarization dependent chirp may be due to any source of birefringence that
is non-uniformly distributed along the fiber, such as UV-exposure (c.f. previ-
ous section), externally applied transverse forces, bending, internal stress in
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Figure 6.4. Same information as in Figure 6.3 plotted against linear chirp (dashed
lines) and square chirp (solid lines) of 3, c.f. eq. (6.13).

the fiber, or core ellipticity. In some sensor applications, where external forces
are supposed to act on the fiber, the uniformity of some of these effects may
be difficult to control. On the other hand, single polarization operation for
telecommunication lasers may be achieved by manipulating the birefringence
intentionally.

The assumption of chirp in only one axis, which has been used here, may not
be realistic in many cases. Theoretical calculations of stress-induced birefrin-
gence suggest a ratio AB, /AB, = —2.5 for bending [14] and AB,/AB, ~ —5
for transverse forces applied externally to the fiber [14], [25], [26]. In the case of
transverse forces, however, these calculations do not take common mode index
change due to axial stress or coating effects into account, and experimental
results have been published with differing A3, /AB, ratios. In [4] a ratio of
50 was observed with an uncoated fiber DFB laser. Measurements on passive
Bragg gratings show ratios of 7 for an uncoated fiber [27] and 1.37 for an
acrylate coated fiber [28]. In the acrylate-coated case a significant chirp would



Chapter 6: Modeling of polarization mode competition... 101

12

@

0 ye y lasing

x lasing

a4t ‘ no lasing

15 Absorbed pump ‘ ©

s 1

3

5 X output

e v output

O Il Il
0 0.2 0.4 0.6 0.8
A (rad)

Figure 6.5. Same information as in Figure 6.3 plotted against a grating phase error
A¢ in the y polarized mode localized to the center of the grating.

thus be imposed in both polarizations, and the curves in Fig. 6.4 would not be
quantitatively representative.

According to the theory A3, L = 1 corresponds to a bending diameter of
about 20mm or to axial forces in the order of 0.04N/mm in a fiber DFB laser
of length L = 70 mm.

6.5.3 Polarization dependent phase error

Fig. 6.5 illustrates how PMC depends on a grating phase error (round-trip
phase) A¢ in the y propagation mode only, localized at the center of the grating.

For comparison, the square chirp (dashed lines) in Fig. 6.4 can be viewed as
a highly distributed phase error of magnitude A¢ ~ ABL. By comparing Figs.
6.4 (a) and 6.5 (a) we see that the dual mode threshold is much more sensitive
to localized phase errors. The spatial hole-burning effects, though, are seen to
be stronger in Fig. 6.5 (b) than in Fig. 6.4 (b).
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Figure 6.6. Spatial gain and differential gain contributions at the dual polarization
threshold when kL = 9. (a) Modal round-trip gain contributions for the square
chirped laser illustrated with dashed lines in Fig. 6.4 (b). (b) Differential gain con-
tributions for the same laser as in (a). (c¢) Differential gain contributions for the laser
illustrated in Fig. 6.5 (b).

To give an indication of how the gain contribution per unit length to the
individual modes may look like, the z-derivatives rtg. , and rtg, , of the modal
gain contributions (i.e. the integrand of (6.15)) are plotted in Fig. 6.6 (a) for
the square chirp case of (6.13) with AL = 2.98 and L = 9.0, i.e. at the dual
polarization threshold of Fig. 6.5 (c). The relatively flat shapes of rtg,, and
rtg., indicate a strong saturation of the gain near the center, since the power
penetration depth is only (2k)™' = 3.9 mm.

The z-distributions of the hole-burning contributions are illustrated in Fig.
6.6 (b) for the same laser as the one illustrated in Fig. 6.6 (a). Fig. 6.6 (c)
shows the z-distributions of the different hole-burning contributions at the dual
polarization threshold for a laser with a localized phase error, with kL = 9.0
and A¢ = 0.463. The relatively strong spatial hole-burning effect near the
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phase-shift position in Fig. 6.6 (¢) may be explained by considering the phase
of the standing wave pattern of the y-mode relative to the index grating, which
close to the phase-shift position differs by £A¢/2 = +0.2315 rad from its ideal
value. This causes significant LSHB contributions in the central region, and it
also increases the effective power penetration depth of the y-mode, giving rise
to significant GSHB contributions further away from the center, as is clearly
seen in the figure.

In Fig. 6.6 (b) the LSHB and GSHB contributions are close to zero. This
reflects that the phase difference between the standing waves of the two modes
stays small throughout the central part of the grating, implying similar global
intensity decay rates for the two modes in this region. The deviation in the
of the y-index grating phase from an ideal non-chirped grating occurs mostly
near the ends of the cavity, and the differential cavity loss is therefore mainly
due to different intensity decay rates for the two modes in these end regions.

Polarization dependent phase-shifts can be achieved by post-exposure of a
few millimeters of the fiber after grating inscription, and stable single polariza-
tion lasers have been reported by use of this technique [7]. If the length of the
exposed section is comparable to or longer than the power penetration depth
(2k)71, effects of the spatial distribution of the phase error is believed play a
significant role.

6.5.4 Combination of twist and polarization independent phase error

Fig. 6.7 illustrates how PMC depends on a uniform twist of the fiber birefrin-
gence axes by r (rad/m), combined with a polarization independent phase error
of 0.2 rad located at the center of the grating. The solid and dashed lines illus-
trate cases where the normalized intrinsic birefringence (AB, — AB3,)L = 0.44
and 4.4, respectively, corresponding to beat-lengths of 1m and 0.1m. ”x” and
7y” labelling of the polarization modes refers to the directions of the major
axes of the modal fields at the center of the grating.

Without the phase error, the laser modes would have equal thresholds and
output powers. With the error present, the dual mode threshold is seen to
increase towards infinity when moderate twist is applied. Above rL ~ 5 the
threshold decreases towards a minimum at rL ~ 9, while the gain difference
contributions from LSHB and GSHB increase. The threshold variations are
generally larger for the high birefringence case (dashed lines).

The results in Fig. 6.7 indicate that single polarization operation can be
achieved by writing a uniform birefringent DFB laser with an intentional phase
error, and then twisting the grating. This has earlier been demonstrated ex-
perimentally in [29]. There are, however, differences between the laser behavior
reported in [29] and our simulation results. In the experiment no change in the
output power was observed until an offset twist rate of rL ~ 1 was reached. No
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Figure 6.7. Same information as in Figure 6.3 plotted against twist r L assuming a po-
larization independent phase error of 0.2 rad at the center and intrinsic beat-lengths
of 1m (solid lines) and 0.1m (dashed lines).

such effect is predicted from our simulations. Other differences in the shape of
the output power versus twist rate may be related to different distributions of
the grating phase errors in the experiment and the simulations. The changes in
the beat frequency between the polarization modes observed in [29] are quali-
tatively similar to what we observed in the present simulations.

Fig. 6.8 shows (a) the z-dependence of the hole-burning effects, (b) the major
axis orientations (MAO) of the forward and backward propagating modal fields
ém and gm, m = z,y and (c) the ellipticity of the fields. The same parameters
are assumed as for the laser illustrated with dashed lines in figure 6.7 (b), with
rL =8.5 and kL = 6.1.

The plotted ellipticities are defined as the ratio of the minor to major axes,
with positive sign for right hand rotation. The ellipticities are seen to be small
(within +0.11) throughout the grating. At the outputs the ellipticities are still



Chapter 6: Modeling of polarization mode competition... 105

6ol rL=8.5
KL=6.1

40 Artg, +Art

Orientation (deg)

Ellipticity

S
=
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rL = 8.5 for the laser illustrated with dashed lines in Figure 6.9 (b).

nonzero, though. This is in contrast to the findings for uniformly twisted Fabry-
Perot lasers [30].

The MAQ’s are referenced to a non-twisted coordinate system. The orienta-
tion of the fast birefringence axis is included as a dashed line for reference. The
MAQ’s are fairly constant throughout the grating. This means that throughout
the grating each laser mode changes between propagating in the fast and slow
intrinsic polarization modes. Consequently, the modal fields experience effec-
tively positive and negative square chirps near the center of the grating. These
effective chirp imperfections subtract and add to the polarization independent
phase error of x- and y-modes, respectively, and thus explain why the polariza-
tion independent phase error changes the PMC behavior of the twisted DFB
laser.

The rotation of the fast and the slow birefringence axes along the grating also
7pulls” the two standing wave patterns out of phase with each other in certain
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Figure 6.9. Same parameters as in Figure 6.3 plotted against back reflection level.

regions. This explains the high LSHB contribution in the regions around z = 24
mm and z = 46 mm.

Because of the stress-induced optical activity in silica fiber when it is twisted
[14] the actual twist rate of the fiber will be ryy ~ 1.18r, where r is the
effective polarization coupling rate used in the simulations. Thus, the reference
coordinates for Fig. 6.8 (b) will actually be twisted by —0.18rL in a real silica
fiber.

6.5.5 Back reflection

Fig. 6.9 shows how the PMC depends on back reflection into the right hand
side (z = 70 mm) of the grating. The x and y output fields are assumed to be
reflected with their polarization states maintained, while the phase-shift of the
reflection differs by 7 between the two polarizations. The common reflection
phase is selected such that the polarization output power ratio is maximized.
It is believed that this combination of back reflection phases and polarization
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states represents a worst case with respect to the polarization output power
ratio.

The dual mode threshold in Fig. 6.9 (a) increases only slightly up to a back
reflection level of —40 dB. Above this level the dual polarization threshold
increases very rapidly, and with the given worst case back reflection phases,
dual polarization operation cannot be achieved only by increasing xL when
the back reflections are stronger than —30 dB. The output powers shown in
Fig. 6.9 (c) are sums of the modal output powers to the left and the output at
the right-hand side of the added reflector. One see that for the illustrated case of
kL =9, the polarization output power ratio is >1.09 for back reflections above
—60 dB. In real systems, where the back reflection phases and polarizations
may change due to vibrations and temperature variations, this would imply
worst case ripples in the polarization output power ratio of more than £9 %.
Typical back reflection levels obtainable when an isolator is placed between the
laser output and connectors/detectors may be from —60 to —70 dB.

As seen from Fig. 6.9 (a), single mode operation can in principle be achieved
for any kL in a birefringent fiber by introducing a bare fiber end back reflection
(-15 dB) positioned 1/4 beat-length from the grating, ensuring a back reflection
phase difference of m between the polarization modes. Some kind of tuning
would be required, however, to assure the correct common mode phase-shift
between the reflector and the grating.

Fig. 6.9 (b) shows that PHB is the dominating hole-burning effect in this
case, with a small negative contribution from GSHB.

6.5.6  Serial multiplexing, cross-saturation by passing power

Fig. 6.10 shows the PMC behavior when optical power at a wavelength close to
the laser wavelength (but not resonating with the grating) is passing through
the laser in the y polarization state. This corresponds to a situation where
several dual polarization lasers are multiplexed along the fiber, for instance as
birefringence sensor elements. In most such situations the passing power will,
however, be somehow divided between the polarization states, so the simula-
tions represent a worst case.

As indicated earlier, the modal power near the center of the laser, where most
of the round-trip gain contribution originates, will typically exceed the output
power by several orders of magnitude. From this argument, the DFB laser
operation is expected to be quite tolerant to a passing saturating signal, both
for single and dual polarization lasers. This is clearly confirmed for the dual
polarization case in Figs. 6.10 (a) and (c). Also simulation of single polarization
lasers (not illustrated here) shows a low sensitivity of the output power to cross-
saturation.
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Serial multiplexing of DFB lasers should thus be possible as far as mean
output power is concerned. This has also been demonstrated experimentally
for single polarization lasers in [5] and [31]. Further studies are required to
determine what happens to the dynamic behavior in terms of the total intensity
noise and intra-modal intensity noise in multiplexed configurations.

The round-trip gain difference contributions in Fig. 6.10 (b) are much lower
than in the previous cases (order of 107% as opposed to 1072). This is because
the passing power does not change the cavity losses significantly.

6.6 Conclusion

A comprehensive model has been presented for multi-moded DFB lasers with
arbitrary grating structures, including birefringence, twist and Faraday rota-
tion. The model has been applied to investigate polarization mode competition
in fiber lasers with certain polarization imperfections. The magnitudes of the
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polarization hole-burning effect and the local and global spatial hole-burning
effects have been investigated, and it may be concluded that all these effects
are of significance for the polarization mode competition behavior. The laser
model may also be used to investigate longitudinal mode competition and fun-
damental mode thresholds in non-uniform gratings. More experimental work
remains to be done to verify the validity of the model.

The grating model presented can also be applied to birefringent passive grat-
ings, and it can readily be extended to include coupling between more than two
modes propagating in each direction.

A simple approximation for the polarization dependence of the saturated gain
has also been presented, which is believed to be valid both below and above
the saturation power P,,;. From the approximation we are able to express the
polarization dependence of the gain and gain grating parameters in the laser
gain medium due to saturation from the laser power, including the standing
wave modulation effects.

Promising techniques for achieving single polarization operation seem to be
introduction of polarization dependent grating strength, polarization depen-
dent grating phase errors located in the high intensity region of the cavity,
twist of the birefringence axes combined with a non-ideal phase-shift, or back
reflection into the laser with individually controlled phases for the two po-
larizations. Since unintended polarization imperfections, like back reflections,
may work against the intended imperfections by favoring the mode that is not
supposed to be lasing, extra margins should be added to the magnitudes of the
intended imperfections.

If a dual polarization laser with stable polarization output power ratio is
required, it may be necessary to include an isolator at the laser output to avoid
mode competition noise caused by randomly varying back reflection phases.

In general, strong gratings (high <L) are found to be more tolerant to polar-
ization imperfections, and relatively strong gratings should therefore be used
when dual polarization lasers are required. There are, however, practical lim-
its to how strong the gratings can be made. First, due to the high Q-factor
of DFB’s with high xL, even a small intrinsic fiber loss may reduce the slope
efficiency significantly. Second, the gain thresholds of all longitudinal modes
decrease with increasing grating strength. At the same time the global spa-
tial hole-burning between longitudinal modes increases significantly. This may
result in undesired multiple longitudinal mode operation.

Third, due to saturation of the UV-induced index-change, there is a limit to
the k-values that can be achieved. It may not be a good solution to increase
kL by increasing L, since the impact of some of the grating imperfections, like
twist, polarization dependent chirp, (and also polarization independent chirp)
scale proportionally with L. Especially in birefringence sensor applications,
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where external forces are supposed to induce birefringence changes, maintaining
uniform grating parameters along very long gratings may be difficult.

It is encouraging for sensor applications that serial multiplexing does not
seem to affect the static solutions for modal output powers significantly. How-
ever, the influence of multiplexing on temporal intensity noise still needs more
investigation.
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Appendixes:
6.A Background for the PHB Model

Two slightly different models have been presented in the literature for modelling
the random orientation of ion cross-section anisotropies. Wysocki et. al. [21]
assumes uniaxial gain of each ion, random orientations in three dimensions of
the optical axes (OA) of each ion, and identical cross section anisotropies A =
o1/ o for all ions where o, and o are the ion cross-sections for fields polarized
parallel and orthogonal to the OA. Wagener et. al. [22] uses a simpler model
with an ”averaged” projected ion anisotropy e, taking random ion orientations
in only two dimensions into account. By fitting simulations to measurements
of polarization hole-burning (PHB) in erbium doped amplifiers (EDFAs) at
moderate signal intensities (Ps < Psy), they estimate A = 0.535 or 2.17 and
e = 0.67, respectively.

For moderate ion anisotropies it is found that (6.7) in Sec. 6.3 can approx-
imate the local PHB calculated with the aforementioned models quite well.
When comparing to Wysocki’s model with A = 0.535 or 2.17, a best fit is
obtained with n = 0.059, as illustrated in Fig. 6.1. For Wagener’s model with
e = 0.67, a good fit is obtained with n = 0.039. The difference in estimated
1 may be due to the fact that the two models are fitted to different experi-
ments, and that Wagener assumes D, = 1 everywhere along the test fiber, thus
overestimating the EDFA PHB for the given e.

The polarization dependent gain and gain grating coefficients to be used
in the DFB coupled mode equations may be derived from (6.7) along the
same lines as was used to derive (6.5) in Sec. 6.3: After expressing the ratio
P,/ Psy in (6.7) in terms of its mean value py,; and its standing wave compo-
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nent 2Re (pcei‘ﬁ), Ag and Ag,, are derived as the zeroth and first order Fourier
components of Agje (¢). This leads to (6.9) in Sec. 6.3.

6.B Gain Medium Contributions to Round-trip Gain

The power transferred to a laser mode from the gain medium per unit length
equals g7/ |R[> + g;;|S|* where gl;, and g2, are the effective power gains

contributed to R and S, respectively. By calculating d|R?| /dz and d|S?| /dz
from (6.2) and extracting the terms that are due to the gain-medium, the
following expressions are obtained:

grrr = 2{glrl* + (g + Ag) Iry [ + Re (r:529,r)
+Re (Tzsy (ggr + Agm’))} (‘Ti} + ‘Tzﬂ)il ’

girr = 2{glsa*+ (9 + Ag) |sy|* + Re (ro5%g5,)
+ Re (rysz (g;,, + Ag;))} (‘si} + ‘53})71 ) (6.14)

Not all of the power transferred from the gain medium contributes to the
round-trip gain. For instance, at the grating ends the only contribution from
the gain medium is to amplify the output signals. Numerical investigations
indicate that the geometric mean of the forward and backward propagating
powers |R(2)|]5(z)| may be used in this context as a good estimate for the
fraction of the laser power that is recirculated back into the cavity. The round-
trip power contribution in (6.10) is thus calculated as:

L
Fuan = [ (o5 BGIE + 32,15
0

_20R()]15¢)
)P+ 1S()P

dz. (6.15)

The PHB contribution to rtg,,, and thus Artg,, is found by setting the
polarization independent gain parameters g and g, to zero in (6.14).

The LSHB contribution to rtg,,, and thus Artg,, is obtained as the difference
between the actual rtg,, and the value for rtg,, obtained if the standing wave
pattern is in exact antiphase with the gain grating, as it will always be in a
uniform gain medium with only one laser mode. The latter value is obtained
by replacing the Re (-) function in (6.14) with — |-| (negative absolute value).
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Figure 6.11. Finite element modelling by cascading of 4x4 T-matrixes.
6.C Numerical Model

In the numerical simulations we divide the grating into ¢ = 1..N,, sections along
the z propagation axis. Each section may either be a grating section of length
Az, in which the coupling matrix C,, 4 is assumed to be constant, or it may be
a localized (Az, = 0) perturbation like a phase-shift in the grating structure,
reflection, loss or rotation of the birefringence axes.

N, = 80 — 120 sections of variable length were used for the simulations, with
shorter sections near the phase-shift position where the intensity and the gain
parameters change rapidly. It was verified that further reductions in the section
lengths did not give significant changes in the simulation results.

The transfer matrix T, of section ¢ is defined by [9]

A =T, A, (6.16)

where /Yq is the field amplitude at the left of grating section gq. The combined
transfer matrix for several cascaded grating sections is computed as the product
T,.,=T,T, 1 -T,. This cascading of T-matrixes is illustrated in Fig. 6.11.

We assume the coupling parameters to be z-independent within each grating
section. For sections with Az, > 0, T, may thus be calculated as a product of
three matrixes, the first matrix projecting /_fq into the individual grating modes
of (6.3), the second multiplying each mode component by exp(—(y, +i(;)Az,)
and the third doing the reverse projection. This approach is similar to the
matrix diagonalization approach presented in [9], and it can be easily extended
to evaluate coupling between a larger number of modes.

For a localized perturbation the expression for T, may be deduced from well
known scattering (S-) matrix expressions [32], [33].

We want to calculate the steady state lasing condition for the DFB laser,
taking gain saturation into account, when m = 1..N,, specified modes are
lasing. Let 6, and &,, denote the detuning and the stored cavity energy of
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Figure 6.12. Model used for calculating the round-trip Jones-matrix of mode m in

eq. (6.17).

mode m. Input parameters to our algorithm are the pump power Py, (launched
from left) and initial guesses for:

e the ”laser state vector” ¥ = [e1, -+, en,, 01, ", ON,],

— —

e the right propagating polarization states éc,l oo Reny, (Ren = [rey my]1)
of each mode at a specified center position z., and

e the gain distribution G;--- Gy, (G; =gain matrix of the i’th sub-
section).

The round-trip matrix RTM,, for each laser frequency is calculated as the
product of the effective Jones reflection matrixes at each side of z., see Fig.

6.12:
RTM,, = R’ (6,,) R" (6,) - (6.17)

R! and R" are easily computed from the combined T-matrix of each sub-
grating. Out of the two eigenvalues of RTM,,, the one with a corresponding
eigenvector that projects onto R)cm is identified as the round-trip gain RT'G,,
of mode m.

The criterion for a steady state solution is that RT'G,, must equal one for
all modes. An error gradient algorithm is used that searches for this condition
by iteratively calculating improved values for £ and recomputing the field and
gain distributions. The T-matrix formalism outlined above and the gain model
outlined in section 6.3 are used for this purpose.

The method outlined may also be adopted for calculating the threshold con-
dition for mode N,, to start lasing, assuming modes 1 --- (N, — 1) all have
a lower threshold. For instance, the threshold pump power may be computed
by assuming ey,, = 0 while substituting P for ey,, in the definition of Z, i.e.
T = [61, oty EN, -1 Ppo, 61, e, 6Nm]-
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Chapter 7

Polarization Characteristics of Fiber DFB
Lasers Related to Sensing Applications!

Abstract — An experimental and theoretical investigation of dual po-
larization Er-doped fiber DFB lasers, and how the polarization mode
competition and polarization beat frequency depend on localized trans-
verse force perturbations, back reflections, or changes in pump polariza-
tion state is reported. Good agreement between the experiments and a
comprehensive theoretical model is obtained. Use of a dual polarization
laser as a transverse force sensor with a resolution in the order of 1-100

nN/+/Hz above 20 Hz is also discussed.

Index Terms — Fiber lasers, DFB lasers, Laser mode competition, Gain
hole-burning, Optical fiber sensors.

7.1 Introduction

Fiber distributed feedback (DFB) lasers are attractive devices for both for
telecommunication and sensing applications [1, 2, 3], due to their narrow linewidth,
robust single longitudinal mode operation, compact in-fiber design, flexible and
accurate wavelength selection in production, as well as easy tuning of the wave-
length.

Robust single polarization sources are generally required for interrogation of
interferometric and Bragg grating fiber sensors, as well as in telecommunication
applications. A single polarization fiber DFB laser may also be used as a very

IManuscript accepted for publication in Journal of Quantum Electronics. Minor revisions will be made
prior to publication. Authors: Erlend Rgnnekleiv, Morten Ibsen, and Gregory J. Cowle.
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sensitive sensor element on its own, as the laser frequency is sensitive to strain,
temperature and other perturbations that change the optical period of the
DFB grating. Two methods for ensuring single polarization operation have
been reported experimentally, which exploit the polarization dependence of
the UV-induced index change. One is based on extra UV-exposure of a grating
section to produce a distributed birefringent grating phase-shift [4, 5]. The
other is based on inducing a polarization dependence of the grating coupling
coefficient & [6]. Another method reported in [7] is based on twisting a dual
polarization fiber DFB laser to make it single polarization.

The polarization beat frequency of dual polarization fiber DFB lasers is sen-
sitive to perturbations that change the fiber birefringence, such as temperature
or lateral forces. Simultaneous monitoring of the beat and laser frequencies
from such lasers allows for single point dual parameter sensors such as the
force-temperature sensor demonstrated in [2] or the strain-temperature sensor
demonstrated in [3]. For these applications, robust dual polarization operation
of the laser is required.

In both single and dual polarization sensing applications the need for a direct
physical contact or interaction between the laser and the measurand may lead
to non-uniform birefringence along the DFB structure, which may in turn af-
fect the polarization mode competition (PMC) within the laser. External back
reflections and the state of polarization (SOP) of the pump are also expected
to affect the PMC behavior of the lasers. In addition, back reflections will affect
the polarization beat frequency. Many sensing applications will not allow the
fiber laser sensor to be located close to the pump laser and optical isolators.
Control with the pump SOP launched into the laser may therefore not be re-
alistic, and isolation against external back reflections may be relatively poor.
It is expected that problems due to drift in the pump SOP can be reduced
or eliminated by scrambling the pump polarization. However, a polarization
scrambling component would increase the complexity and cost of a sensor in-
terrogation system, and it is therefore of interest to know if a sensor system
can be operated without such scrambling.

The above mentioned problems call for a quantitative understanding of the
mechanisms governing the PMC behavior and polarization beat frequency fluc-
tuations in fiber DFB lasers. A comprehensive theoretical model was developed
in [8] and several examples discussing the PMC behavior was given. One pur-
pose of the present work is to verify the model experimentally, and to extend
it to also cover pump induced polarization dependent gain (PDG). A further
purpose is to investigate the dependence of the polarization beat frequency on
localized lateral forces and external reflections. These investigations can reveal
useful insight into the obtainable sensitivity for polarimetric fiber DFB laser
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sensors to lateral forces and the limitations set by external back reflection to
the accuracy of polarimetric fiber DFB laser sensors in general.

7.2 The Investigated Lasers

Two dual polarization fiber DFB lasers operating at 1549 nm, in the following
denoted DFBa and DFBb, have been investigated. The lasers consist of two
consecutive uniform subgratings of lengths L; and L, with a localized 7 grating
phase-shift in between. DFBa is symmetric with L; = Ly = 20 mm, while
DFBb is asymmetric with L; = 17.4 mm and L, = 25 mm. Both lasers were
characterized with a heat perturbation technique in [9], verifying fundamental

longitudinal mode operation and a grating coupling parameter of x = 230
m~! +10%. In [9], DFBa and DFBb were named ”laser #1” and ”laser #3”,
respectively.

DFBa produced an output power of 205 uW +10% in each direction when
pumped from either end by 83 mW of 1480-nm pump power. Under the same
pumping conditions, the asymmetric DFBb produced 395 pW +10% from out-
put port 1 (grating section L;), and 11.5 pW +10% from port 2 (grating section
Lg).

The laser gratings were produced by UV exposure of a Ds-loaded fiber with
an Er-Yb-doped core and a UV-sensitized B-Ge-doped ring outside the core
[10]. Before UV exposure, but after Do-loading of the fiber, the fiber transmis-
sion spectrum was measured for various pump powers. From these measure-
ments, the absorption (a,) and gain (g,) coefficients at zero and full inversion,
respectively, at the laser signal (z = s) and pump (z = p) wavelengths were
found to be [as, ap, gs, gp] = [11.7, 8.9, 15.9, 3.0] dB/m. The spontaneous emis-
sion power at full inversion was Py, = 4.1 mW/m.

Fitting of simulations to the measured slope efficiency of DFBa published in
[11] indicates that the lifetime of a fraction £ = 38 % of the Er-ions have been
reduced (quenched) by a factor ( = 26 during the UV-exposure. In addition,
an unbleachable loss of ay = 0.24 dB/m seems to be present. UV-induced
quenching in Er3"-doped glasses has earlier been reported in [12]. The slope

efficiency of DFBb has also been measured, indicating very similar parameters
for that laser: £ =39 %, ( = 25, and ag = 0.24 dB/m.

7.3 Response to Transverse Force

A polarization dependent phase-shift may be introduced in a fiber by applying a
transverse force, resulting in stress-induced birefringence. We have investigated
the sensitivity to transverse forces for a section of the same fiber that DFBa
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Figure 7.1. Polarization dependent phase shift ® versus transversal force F' applied
to a section of the fiber used for the laser production. The measurement setup is
illustrated in the inset drawing. PC, polarization controller.

and DFBb were made from, using the setup illustrated in the inset of Fig. 7.1.
A variable force F' was applied to a 1 mm section of the fiber under test (FUT).
Polarized light at 1549 nm was launched from one end, and the resulting output
SOP was monitored by a Stokes analyzer. After adjusting the input SOP so that
the output SOP had maximum sensivity to the applied force, the difference ®
between the force-induced phase-shifts for optical fields polarized parallel and
orthogonal to the force could be measured as the angular rotation of the output
SOP on the Poincare sphere. The result of this experiment is plotted in Fig.
7.1, showing a force sensitivity of ®/F = 0.268 4+ 0.005 rad/N. This value is
somewhat less than the 0.29 rad/N indicated theoretically for silica fiber in [13]
and experimentally in [2]. The hysteresis observed in Fig. 7.1 of ~ 70 mN may
be due to hysteresis in the force monitoring arrangement.

Fig. 7.2 shows the setup used to investigate the sensitivity of DFBb to a
polarization-dependent phase-shift induced by pressing on a ~ 1 mm section
of the laser fiber close to the position of the permanent grating phase-shift. 83
mW of 1480-nm polarized pump power was launched into port 1 of the laser
via a polarization controller (PC1) and a 1480 — 1550 nm wavelength division
multiplexer (WDM). The laser output from port 1 was guided via the 1550-nm
branch of the WDM through an isolator (ISO), a polarization controller (PC2)
and a polarizing beam-splitter (PBS) to detectors Dx and Dy. To be able to
monitor the PMC behavior of the laser, PC2 was adjusted so that Dx and Dy
monitored the output powers P, and P, from the x- and y- laser polarization
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Figure 7.2. Setup for investigation of the laser response to a transverse force F’ applied
near the grating phase-sift position.

modes, respectively. The given values for P, and P, have been corrected for
losses measured between the laser output and the detector. Measurements were
also made of the force-induced frequency shifts Av, and Av,, of the x and y laser
modes and the polarization beat frequency v, = |Av, — Av,|. These frequency
measurements were made by replacing Dx with a high finesse Fabry-Perot
optical spectrum analyzer and connecting an RF spectrum analyzer to Dy.
The state of PC2 was then adjusted so that the laser polarizations were mixed
in the PBS, causing two separated peaks at the optical spectrum analyzer, and
a distinct peak at the polarization beat frequency at the RF spectrum analyzer.

The measurements were first performed with the force applied parallel to the
x polarization axis of the laser, and then repeated with the force parallel to the
y polarization axis. The applied forces will be denoted F, and F, for the two
cases, respectively. For each direction of the force, the modal output powers P,
and P, were recorded versus the applied force. This measurement was repeated
with PC1 adjusted first for maximum in P, and then for maximum in P,
corresponding to x and y polarized pump, respectively. Recordings of Av,,
Av, and v, versus the applied forces were also made.

Note that the direction of the x and y polarization states in the laser could
not be measured directly in the experiment, due to random changes of polar-
ization states between the laser and the PBS. The identification of the modes
is therefore based on theoretical calculations of the birefringence due to trans-
verse forces [13], from which we find that Av, — Av,, should increase with F,
and decrease with F.

Fig. 7.3 (a) shows the measured (markers) Av,, Av, and Av,—Av, versus F,
and F,. No significant dependence on the pump polarization could be observed
in the frequency measurements. For an ideal DFB laser grating, the frequency
shift of mode ¢ = z,y due to a locally induced grating phase shift A¢, in the
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Figure 7.3. (a) Frequeny shifts Av, and Av,, and polarization beat frequency
Avy — Av,, plotted versus transverse force F, or Fy applied parallel to the x or
y birefringence axes of DFBD, respectively (c.f. Fig. 7.2). Responses to Fy are shown
to the right and responses to Fy to the left. (b) Output powers P, P,, and total
output P, + P,. Markers and lines illustrate measurements and simulations, respec-
tively.

q polarization propagation mode may be expressed as [9]:

Av, = —f—c exp (—2k|z|) Ag

™™

(7.1)

q

Here, ck/(2n) is the inverse round-trip delay of the laser cavity at the grating
phase-shift position z = 0, ¢ is the speed of light in vacuum, n is the refractive
index of the fiber, « is the grating coupling coefficient, and exp (—2k|z|) is the
laser intensity dependence on the distance z from the grating phase-shift. The
measured beat frequencies satisfy d(Av, — Av,)/dF, ~ —1.60 GHz/N and
d(Avy — Av,)/dF, ~ 1.16 GHz/N. Taking into account that the forces are
distributed over a 1 mm length and assuming x = 230 m !, n = 1.465, and
|Ag, — Ag,| = 2@ = 0.536 rad/N x F, from Fig. 7.1, this indicates that F},
and F, have been centered at effective distances z = 0.5 and 1.25 mm from the
permanent 7 phase-shift position, respectively.



Chapter 7: Polarization Properties of Fiber DFB Lasers... 123

From the measured frequency shifts Av, and Av, of the individual modes
and from (7.1), we estimate the sensitivity of the grating phase-shift to trans-
verse force in the direction parallel to the optical polarization to be kj =
A¢,/F, = A¢,/F, = 0.255 £+ 0.04 rad/N, and the sensitivity to orthogonal
forces to k1 = A¢,/F, = A¢,/F, = 0.791 £ 0.04 rad/N. Theoretical expres-
sions for the sensitivities of the fiber refractive indices to transverse forces were
derived by Sakai and Kimura in [13]. However, they did only take into account
transverse stresses in the fiber, while effects of axial (z-directed) stress or strain
were ignored. When we take these effects into account and use the same mate-
rial parameters as in [13], we obtain [k, k] = [—0.031, 0.543] rad/N for a fiber
that is axially constrained (no z-directed strain) and [k, k| = [0.175, 0.747]
rad/N for a fiber that free to expand axially. As seen from the results, axial
strain causes a polarization independent offset to [k, k1 ]. Our measurements
indicate that this offset is even higher than calculated for the free axial expan-
sion case. This high offset may be due to z-directed stress in the 1 mm long
plastic surface (overhead copier grade foil) that was used to transfer the force
to the fiber. If the transverse force is applied from relatively stiff surfaces over
a longer length of the fiber, less axial strain is expected. This expectation is
confirmed by results reported by Wagreich et. al. [14] from pressing on a 25 mm
fiber section with a passive grating Bragg between polished aluminum plates.
Their results correspond to [k, k| = [0.10£0.07, 0.62 £ 0.15] rad/N at 1550
nm, which is close to what is expected theoretically for the axially constrained
case.

The beat frequency measurements in Fig. 7.3 (a) demonstrates that the
arrangement in Fig. 7.2 could be used as a very sensitive transverse force sensor.
Dual polarization fiber DFB lasers used as transverse force sensors were first
demonstrated in [2] by pressing on the full length of a 100 mm laser, producing
a sensitivity of 96 MHz/N. The higher sensitivity of 1.6 GHz/N obtained here is
due to the concentration of the force near the most sensitive region of the laser.
Measurements of the fluctuations in v, when no perturbations were applied
have been made for DFBa using a setup that will be described in the Sec. 7.4.
Fig. 7.4 shows the noise spectral density vy ,ms of the beat frequency versus
interrogation frequency f. v qms decrease from 120 Hz/ VHz at f = 20 Hz to
2.1 Hz/v/Hz at f = 40 kHz. In a sensor with a sensitivity of 1.6 GHz/N these
noise levels would produce a noise floor (noise equivalent force) ranging from 75
to 1.3 nN/ VHz in the same frequency interval, as illustrated by the right-hand
axis in Fig. 7.4. The origin of v} ., is not known, but it may be related to time
varying back reflections to the laser, as will be discussed in Sec. 7.4.

Fig. 7.3 (b) illustrates the measured (markers) P,, P, and P, + P, averaged
over the two pump polarizations, and is believed to be representative for a
situation with a scrambled pump polarization. Pump polarization dependence
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Figure 7.4. Measured beat frequency noise vy s for DFBa. The right-hand axis
shows the corresponding noise equivalent force for a transverse force sensor.

will be discussed in Sec. 7.5. The total output power P, + P, is seen to be fairly
independent on F, and F},. The modal power difference P, — P, decreases with
F, to a minimum at F, = 0.4 N, and then increases until only the x-polarization
is lasing at I, = 1.4 N. The dependence on F), is very similar, except for a sign-
shift in P, — P,. This observed dependencies of P, and P, on F, and F, may
be explained by assuming a negative polarization independent grating phase-
shift error near z = 0. When a force is applied, this error is compensated most
efficiently for the polarization axis orthogonal to the force (since k; > k),
and the output power of the corresponding laser mode is favored. The mode
polarized parallel to the force starts taking over about when the phase-shift
error of the orthogonal mode is fully compensated near F, = 0.4 or F,, = 0.8
N, and starts to increase in absolute value.

A complete degeneration of the laser modes as v, approached zero was not ob-
served. Instead, v, went through a minimum value of v, ~ 14 MHz at F,, ~ 0.89
N, while the polarization states of the laser modes were continuously trans-
formed to their respective orthogonal states. This behavior may be explained
by a small (<2°) misalignment between F, and the birefringence axis, and is
the explanation for the irregularities in the measured P, and P, near F, = 0.89
N.

The lines in Fig. 7.3 (a) and (b) show simulation results obtained using
the model described in Appendix 7.A and [8]. A depolarized pump (D,, =
0) was assumed, and the polarization hole-burning (PHB) parameter was set
to n = 0.12. The grating and gain parameters were assumed as described
above, except for bias grating phase-shifts in the x and y polarization modes
of Ag,q = —0.20 rad and A¢, = —0.18 rad, respectively, which were added
to the nominal 7 phase-shift at z = 0. Small adjustments were also made
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to &, ¢, and ag to maintain a good fit with the measured slope efficiency at
F, = F, = 0. We see that the model produces a good fit to the measurements
in Fig. 7.3. The model parameters that have been fitted to the measurements
in Fig. 7.3 may be summarized as the force positions and the offset in [k, k]
which are determined by the slopes of Av, and Av,, A¢,; and Ag,, which
are determined by the local maximum and minimum in P, — P, and the offset
in P, — P, at F, = F, = 0, and 7 which is determined by the magnitude of
P, - P,

The observed local maxima and minima in P, — P, could in principle be ex-
plained by assuming a UV-induced gain grating, which would be in phase with
the index grating, instead of the bias grating phase errors. Such an effect would
arise because the force-induced phase-shifts would cause the overlap between
the standing wave intensity pattern and the gain grating to vary differently
for the two laser polarizations. A UV-induced gain grating could either come
from modulation of the unbleachable losses a¢ or modulations of the lifetime-
quenched ion fraction &. However, the grating modulation amplitudes cannot
exceed the estimated mean values for ag and £ since negative background losses
or ion fractions are not realistic. Simulations have shown that even with the
maximum possible modulation amplitudes, bias phase-shifts A¢,, and A¢,, in
the order of —0.12 rad must be assumed to achieve good fit with the measure-
ments.

7.4 Response to External Back Reflections

Fig. 7.5 shows the setup used to investigate the sensitivity of DFBa and DFBb
to back-reflections. 83 mW of 1480-nm pump was supplied to the laser through
PC1 and the WDM in the same way as for the experiment in Fig. 7.2. Back-
reflection into the forward port (right-hand side in figure) of the laser with
variable attenuation, optical phase-shift and polarization state was generated
by use of a variable attenuator (VA), a piezo-electric fiber stretcher (PZT)
modulated at ~ 8 Hz by a function generator (F.gen.), a polarization controller
(PC3), and a fiber end reflector (Refl.). A 10:90 coupler was inserted between
the laser and the VA, and by connecting fiber connectors FC2 and FC3 the
forward output power could be monitored through the 10% output port from
the coupler. Alternatively, the backward output could be monitored through
the WDM and isolator ISO1 by connecting FC1 to FC3. In the latter case FC2
was terminated with a fiber bend to avoid reflections. The detection system
with ISO2, PC2, PBS, Dx and Dy is identical to that shown in Fig. 7.2, except
for a tunable optical band-pass filter (BPF) with 1 nm bandwidth inserted
between PC2 and the PBS to stop pump power from reaching the detectors.
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Figure 7.5. Setup for investigation of the laser polarization mode responses to
back-reflections.

The observed dependencies of the modal output powers P, and P, on the
dual-pass phase modulation ®py; induced by the PZT was in agreement with
the theoretically expected dependencies, indicated by the solid lines in Fig.
7.6. We maximized the amplitude of P, — P, by adjusting PC3. It is believed
that this corresponds to back reflection phases in the x and y polarizations
that differ by m, while the reflected state of polarization is preserved for both
laser modes. Thus, when ®p; causes constructive interference between back
reflected and intracavity signals for one mode, the other mode experiences de-
structive interference, and vice versa. The minima and maxima in output power
versus @ pyr, denoted Py maz and Py min Where ¢ = x,y is the laser mode in-
dex, were then recorded as a function of back reflection level. This experiment
was first performed with x-polarized pump (r = z) and then with y-polarized
pump (r = y). To remove the pump polarization dependence, intrinsic differ-
ences in laser mode efficiencies, as well as polarization dependent measurement
errors, we will in this section illustrate the averaged values P.: = Py 7 mas and
Prin, = Py rmin, Where the averages are taken over all possible combinations of
q and 7.

The markers in Figs. 7.7 (a) and (b) show the measured P4z, Prin, and
Praz + Prin plotted against back reflection level for the symmetric laser DFBa.
(a) and (b) illustrate measurements made through the forward (FC2) and back-
ward (FC1) ports, respectively. The PMC behavior is similar for the two direc-
tions, with P/ Pras decreasing from >0.94 at <-55 dB reflection to zero at
-24 dB.

The lines in Figs. 7.7 (a) and (b) show the simulated laser behavior, assuming
phase and polarization of the back reflections as described above, depolarized
pump (D,, = 0), n = 0.12, and otherwise the parameters given for DFBa in Sec.
7.2. It can be seen that the agreement between measurements and simulations
is good.
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Figure 7.6. Dependence of modal powers P,, P, and the polarization beat frequency
shift Avy, on the external cavity roundtrip phase-shift ® p, induced by the PZT.

For polarimetric laser sensors relying on accurate readout of the polariza-
tion beat frequency vy, back reflection induced shifts in v, may contribute to
measurement, errors. We measured the back-reflection induced beat frequency
shift for DFBa by adjusting PC2 so that the beat signal at v, ~ 970 MHz
was received at Dx (c.f. Fig. 7.5). The beat frequency was shifted down in an
electronic mixer and passed to a 0-2 MHz frequency to voltage converter. The
resulting voltage, monitored on an oscilloscope, was similar to the dashed line
in Fig. 7.6. Fig. 7.7 (c) shows the measured (markers with error bars) and sim-
ulated (line) peak-to-peak beat frequency shift Avy, = vyimaz — Vomin- We see
that Av, exceeds the short term (~5 s) beat frequency drift of Ay, = +£10 kHz
observed in [3] when the back reflection level is > —50 dB. Rayleigh back scat-
tering from ~ 60 m of standard single mode fiber is sufficient to produce this
back reflection level. The observed beat frequency drift could, however, also
be due to random temperature fluctuations or bad isolation against discrete
reflectors. If the laser is used as a transverse force sensor or as a temperature
sensor [3], Av, = £10 kHz would correspond to readout errors of £6 pN or +6
mK, respectively.

The noise floor vy »ms at higher interrogation frequencies, seen in Fig. 7.4, may
also be due to unintended back reflections with random phase. Fluctuations in
back reflection phase can be caused by fluctuations in the mean laser frequency
or by thermally or mechanically induced fluctuations in the optical path lengths
to the reflecting points.

Av, may be approximated analytically by:

KC 1/2
Avy = maz — Vbmin = —71T (1 ; ) 7.2
Vp = Uy, Uy, o (1+a%) (7.2)

where r is the external amplitude reflectivity, T is the power transmissivity
of the grating section (or laser mirror) between r and the DFB phase-shift
position, ap = 6(A¢, — A¢,)/6Artgoa is the linewidth enhancement fac-
tor for the beat frequency, and 6(A¢, — Ag¢,) and 6Artge are changes in
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Figure 7.7. Measured (markers) and simulated (lines) response of DFBa to
back-reflection into the forward port (c.f. Fig. 7.5). (a) and (b) illustrate modal
output powers from the forward and backward ports, respectively. (c) shows the
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the polarization dependencies of the grating phase shift and the cavity round-
trip amplitude gain [8al, respectively, due to PHB. T' ~ 4 exp(—2kL,) for an
ideal grating section of length L;. (7.2) is a valid approximation provided that
T < 1 (weak reflection), mAvy7eyy S 1 (no external cavity-mode hopping)
where 7., is the external cavity roundtrip time, and 7.,; < 7o Where 7. i
the laser coherence time. All these conditions were satisfied in our experiment.
For our gain medium «p is not known, and ag = 0 was therefore assumed
for the simulations in Fig. 7.7 (c). The discrepancy between simulations and
measurements indicates that the actual rI-product may have been 10 to 40
% higher than the value used for the simulations, corresponding to an under-
estimate of kL1 by 1 to 4 %. This estimation error is well within the +10 %
uncertainty of the x measurement [9].

Fig. 7.8 shows the measured (markers) and simulated (lines) response of
DFBD to back reflections. (a) and (b) illustrate outputs from port 1 and 2,
respectively, with back reflection into port 1. (c) illustrates output from port 1
with back reflection into port 2. The simulation parameters are the same as in
Fig. 7.2. Again, the agreement between simulations and measurements is seen
to be good.

The ratio T} /T, of the laser mirror transmissivities of DFBb at port 1 and
2 equals the port 1 to port 2 output power ratio of 15 dB. The curves in Fig.
7.8 (c) are shifted by approximately two times this ratio (30 dB) relative to
the curves in Figs. 7.8 (a) and (b). Thus, the PMC behavior is similar when
the power fraction reflected back into the cavity is similar, i.e. (rT})? = (rT3)%.
Note, however, that this relation is valid only when comparing the sensitivities
of one laser to back reflection through two different ports. The tolerable back
reflection into either port is not generally expected to drop so efficiently if both
Ty and Ty are reduced simultaneously. This is because a reduced cavity loss
implies an increase in the intensity inside the cavity, while the PHB effect is
expected to decrease with increasing signal intensity [8b].

The minimum output degree of polarization (DOP) (Praz — Prin)/(Praz +
Ppuin) is seen from Figs. 7.7 and 7.8 to be fairly independent on output direction
for both DFBa and DFBb. This observation illustrates that the relative change
of the output transmissivities for the two modes caused by the back reflection
is small within the dual polarization regime.

7.5 Dependence on Pump Polarization

The markers in Fig. 7.9 show the measured pump polarization dependence of
the transverse force measurements that were first presented in Fig. 7.3 (b).
The solid and dashed lines show simulation results obtained when we assume
an effective pump PHB parameter of 1, = 0.021 and otherwise simulation
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Figure 7.8. Measured (markers) and simulated (lines) response of DFBb to
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Figure 7.9. Pump polarization dependence of the measurements in Fig. 7.3 (b). Open
and filled markers illustrate measurements with the pump aligned with the x and y
polarizations, respectively.

parameters that are identical to those used in Fig. 7.3 (including n = 0.12).
We see that the pump PHB model produces fairly good agreement with the
measurements.

The markers in Fig. 7.10 show the measured pump polarization dependence
of the back reflection measurements that were first presented in Fig. 7.7 (a).
The open markers show P, o, and Py min (c.f. Fig. 7.6), averaged over all
possible combinations (g, ) where the mode r favored by the pump polarization
is identical to the mode favored by the back reflection (q for P, and opposite
of q for Ppin), .60 Pz = (Peamar + Pyymaz)/2 and Prin = (Pyymin +
Py y.min)/2. The filled markers illustrate the opposite situation when the pump
polarization and back reflection favor different modes, i.e.: Ppor = (Prymaz +
Py v maz)/2 and Prin, = (Py gz min + Pyymin)/2. This averaging should eliminate
effects of intrinsic differences in laser mode efficiencies, as well as polarization
dependent measurement errors. The lines in Fig. 7.10 show the simulation
results obtained with 7, = 0.021 and otherwise identical parameters to those
used in Fig. 7.8 (including n = 0.12). Again, there is good agreement between
theory and measurements.

The pump polarization dependencies of the remaining back reflection mea-
surements, first presented in Figs. 7.7 (b) and 7.8 (a,b,c), were also found to
be in good agreement with the simulations.

The PHB model used for the simulations is described in Appendix 7.A. It
is based on an ion anisotropy model described in [15] where the Er ions are
assumed to have uniaxial gain, random orientation of their optical axes (OA)
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Figure 7.10. Pump polarization dependence of the measurements in Fig. 7.7 (a).
Open and filled markers illustrate measurements with the pump aligned with the
laser mode that is favored and disfavored by the back-reflection, respectively.

and ion cross section anisotropies defined by A = o, /oy, 0, and o) being
the ion cross-sections for fields polarized parallel and orthogonal to the OA.
n, = n would be expected if the ion anisotropies were identical at the pump
and signal wavelengths. However, our measurements indicate 7),, ~ 0.187. This
reduced sensitivity to pump PHB may be due to a cross-section anisotropy that
is closer to A = 1 at 1480 nm than at 1549 nm, or to a low correlation between
the ion anisotropies at the two wavelengths for individual ions.

Fig. 7.11 shows the local PDG contributions from signal and pump PHB
predicted by our model, plotted versus the signal power P; for fully polarized
pump and laser signals. The pump power and gain medium parameters are
the same as for the simulations in Figs. 7.9 and 7.10. We see that both the
signal and the pump induced PDG have maxima near the saturation signal
power P, = 15.5 dBm. The signal induced PDG scales proportionally with
the signal DOP, which is essentially constant throughout the cavity, and equal
to the output DOP D, = (P, — P,)/(FP, + P,). Similarly, the pump induced
PDG is proportional to the pump DOP D,,. It is found from Figs. 7.9 and 7.10
that D, increases with about 0.5 in the dual polarization regimes when D,,, is
reduced by 2 by changing from x-polarized to y-polarized pump. To maintain
lasing in both polarizations, any difference in round-trip gain contributed from
the gain medium must be maintained when Dy, and D, changes. This condition
is satisfied when the sum of the integrals over z of the signal and pump induced
PDG contributions, weighted by the intensity distribution P(z), is unchanged.
The calculated laser power distribution for DFBa, averaged over one standing
wave period, E(z), is illustrated with z referenced to the right-hand axis in
Fig. 7.11. (The power distribution for DFBD has also been calculated, and was
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Figure 7.11. Contributions to the local signal PDG originating from signal PHB
(solid line) and pump PHB (dashed lines), plotted against signal power P; for a
pump power of P, = 83 mW. The pump and signal are assumed to be fully polarized.
The calculated laser power distribution Ps(z) in DFBa is also shown. Parameters:
Dyp = =Dy =1, n = 0.12, n, = 0.021, [as, ayp, gs, gp] = [11.7, 8.9, 5.9, 3.0] dB/m,
Py, =4.1 mW/m, £ =39 %, ¢ = 25.

found to be similar in peak magnitude and exponential decay rate to that of
DFBa.) We see from the figure that most of the integrated PDG contributions
will originate from the region —7 mm < z < 7 mm. In this region P,(z) > P,
and the pump PHB is suppressed relative to the signal PHB by a factor that
is close to n,/n ~ 0.18.

In lasers with mirror transmissivities Tiand 75 that exceeds the mirror trans-
missivities the investigated lasers by more than 15 dB, the peak cavity intensity
will be more than 15 dB lower for similar output powers. We see from Fig. 7.11
that the ratio between the pump and the signal PHB magnitudes is higher in
this case. Therefore, the PMC is expected to be more sensitive to the pump
DOP in high mirror transmissivity lasers.

7.6 Conclusion

We have investigated how the polarization mode competition, polarization beat
frequency, and individual modal frequencies in fiber DFB lasers depend on lo-
calized transverse force induced birefringence, back reflections and pump po-
larization. Theoretical results obtained from a comprehensive simulation model
show good agreement with the measurements. Since the model parameters are
obtained from independent informations that were extracted from a variety of
measurements, the validity of the model is believed to be well verified.
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The decrease in PHB at high saturating powers predicted by the model
(c.f. Fig. 7.11) could not be checked very well by the presented measurements,
however, since the peak intensity in laser cavities have been similar in all the
measurements. The theory describing PHB effects at lower saturating powers
have been verified from experiments in earlier publications [15]. The signal
PHB parameter n = 0.12 estimated from the present measurements is twice
as high as the value estimated in [8b] from measurements reported in [15] on
erbium doped fiber amplifiers. Our higher value for n may be due to different
compositions for the laser and the EDFA fibers, or it may be related to the
grating fabrication process, including Ds-loading and UV exposure.

We have shown how the gain model presented in [8] can be extended to cover
effects of PHB at the pump wavelength. The estimated pump PHB parameter
n, = 0.021 is significantly smaller than 7, allowing for stable dual polarization
operation independent on pump polarization. Fluctuations in the pump polar-
ization are found to cause variations in the laser output degree of polarization
D, by £0.25.

We have shown that the transverse force sensitivity of a dual polarization
fiber DFB laser sensor can be increased significantly compared to the sensi-
tivity achieved by pressing uniformly along the whole length of the laser by
concentrating the force to within a distance shorter than 1/2x from the grat-
ing phase-shift position. Eq. (7.1) predicts that the sensitivity can be enhanced
by a factor of kL (typically 10) in this way. In our experiment we measured
a transverse force sensitivity of 1.6 GHz/N, with good linearity over the full
dynamic range of ~ 1.5 N. The dynamic range is limited by fading of one of the
laser modes as the polarization dependence of the grating phase-shift increases.

We have found that possible UV-induced loss gratings, either formed by
lifetime-quenched ions or by unbleachable losses, will influence how the PMC
depends on a polarization dependent grating phase-shift. The effects on the
PMC of such a loss grating is similar to the effects of a polarization indepen-
dent bias in the grating phase-shift. There exist clear indications, both from
investigations of the laser slope efficiencies and relaxation oscillation stabil-
ity margins, that UV-induced lifetime-quenching is present in the investigated
lasers [11]. It is not, however, verified to which degree the quenching has a
grating component.

The tolerable external back reflection level to maintain dual polarization
operation is found to be —24 dB for the symmetric DFBa. This limit is expected
to increase with increasing 7). It is not expected to depend much on the grating
strength kL, provided that xL is well above its threshold value for lasing [8b].
For the asymmetric DFBb, the tolerable back reflection level was —32 dB at
the high output port and —4.4 dB (simulated) at the low output port.
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The beat frequency noise has been measured for one of the lasers to decrease
from 120 to 2.1 Hz/ VvHz between 20 Hz and 40 kHz. For a force sensor this
corresponds to a noise equivalent force ranging from 75 and 1.3 nN/ VHz. If
the DC temperature sensitivity reported in [3] is assumed to be valid up to 40
kHz, a noise equivalent temperature fluctuation between 75 and 1.3 puK/ VHz
is found. The sensitivity to external temperatures is, however, expected to de-
crease above 100 Hz due to the limited radial thermal conductivity of the fiber.
The source of the observed noise floor has not been identified. Beat frequency
noise contributions from Schawlow-Townes noise, shot-noise, and fundamental
temperature noise are all estimated to be below 0.1 Hz/v/Hz. The results in
Fig. 7.7 (¢) indicate that external back reflections with random phase fluctu-
ations may be a significant noise source. Such phase fluctuations could either
originate from optical path length fluctuations in the external cavity, or from
common-mode laser frequency noise.
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Appendix:
7.A Modifications to the Gain and PHB Models

The gain model used for the simulations in this paper is based on the model
derived in [8]. The gain coupling matrix G has been slightly modified, taking
the form:

Gz 0  Gggrz O

_ 0 Gy 0 Ggry
G = g 0 g 0 (7.3)

0 Yy 0 —gy
with
9o = g—(1—Dp)(Ags +Agp)
9y = 9 + (1+ Dp) (Ags + Agy)
9gre = — (1= Dp) (Aggrs + Aggrp)
9gry = ggr (14 Dy) (Aggrs + Aggryp) - (7.4)
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Here, g, and g4, are the gain and gain grating coefficients, respectively, in
the ¢ = x,y polarization propagation modes. g, — g, = Ags + Ag, and
9grz — Ggry = DGgr.s + Agyr,, are the polarization dependencies of the gain and
gain gratings due to polarization hole burning (PHB) at the signal (subscript
s) and pump (subscript p) wavelengths. D, is the linear degree of polarization
(DOP) of the lasing signal, defined by [8a] (8). The main modification to the
form of G compared to [8] is that the pump polarization dependent parameters
Ag, and Agy,, have been included. A further modification is that the polar-
ization dependent gain (PDG) components in (7.4) are divided between the
x and y modes (through the factors (1 + D,)) in a way such that the energy
conservation budget, taking into account pump absorption, signal gain, and
spontaneous emission, is satisfied independent on D,,.

Lifetime quenching of a fraction ¢ of the ions by a factor ¢ is modeled by
assuming two gain media numbered k£ = 1,2 with ion concentrations ny = wiN.
w; = (1=¢), wy =&, and N is the total ion concentration. The local saturated
amplitude gain g, for medium k, may be expressed according to [8a] as:

Gloc,k (¢) = Ny N_l Gunsat k (1 + Ps (¢) /Psat,k)il
Gunsatk — Wk (aprwlpp/Psat,k - as)
Pk = [(9p +ap) ruiBy + Poppe/2) (95 + ;)™ (7.5)

Here, gunsat i is the mean unsaturated gain and P, is the saturation power.
P, is the pump power, and P, (¢) = > . |R, + S,exp (i¢) |2 is the total
saturating power where éq and §q are the right and left propagating fields of
the ¢ = z, y lasing modes. Py, gs, gp, a5, and a, are the gain medium parameters
without quenching, as defined in Sec. 7.2, Py, 1 = (1—&) Py, and Py, 0 = (€P;),.
rwi = 1480/1549 is the ratio of the pump wavelength to the signal wavelength.
The gain g, and gain grating g, coefficients of each gain medium may be
expressed as

Gunsat k . R—a
gk = R v Ygrk = gk b )
with
Pt 2Pc 2

a=1+ , b= , R=1/a®—|b]", 7.6
Psat,k Psat,k ’ ‘ ( )
P=Y )Rq +|5,[, r=3 §A, (7.7)

9=,y 9=,y

S;r is the conjugate transpose of gq.
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An expression for the local signal induced polarization dependence of the
gain due to the ion cross section anisotropies was deduced in [8b] (1):

_ DpnGunsat,k nk(¢) Ps(¢)/Psat,k
Aot A TR P

Here, 7 is the PHB parameter at the signal wavelength. (7.8) may be expressed
as Agioer = fr (¢) where

¢+ Re{be’}
fr(¢) =v (@1 Re (be?))? (7.9)

v = WiNDyp Gunsatk, ¢ = a— 1, and a and b are defined by (7.6). The zeroth and
first order Fourier components of f; (¢) are:

1 [ aB?*c — B*
For = %/o f(¢)de = UW: (7.10)
1 [ , aB? —a® — B%c+Q
F f— - 7l¢d — b* .11
o= e | Fle)e Pdo =0 o5 (7.11)

respectively, where

B=p| and Q = (a® — B?)*?.

The signal induced polarization dependence of the gain and gain grating coef-
ficients are found as Ags, = Fo1 + Fp2 and Agy, s = F11 + F1 9, respectively
The pump induced PDG may be modeled on basis of the same theory [8b]
that was used to arrive at (7.8) by assuming the existence of ion cross-section
anisotropy also at the pump wavelength. We first exchange the roles of the
pump and the signal in (7.5) and (7.8) by exchanging Agiock, Ps, s, @s, Gp,
ap, Twi, Pspr, 1, and Dy, with Agiocp i, Pps 9p, Ap, gs, s, r;ll, Py i/ 7w, Mp05
and D,, respectively, where, Ag,cp, is the polarization dependence of the
(negative) gain at the pump wavelength. 7,, depends on the ion anisotropy at
the pump wavelength in the same way as n depends on the ion anisotropy at
the signal wavelength [8b]. D,, = (Pyy — Ppy) / (Ppx + Ppy) is the linear DOP
of the pump signal, where P,, and P, are the x- and y-polarized components
of P, respectively. The resulting PDG at the signal wavelength may be written
AGioe,s ik = T170Aioc.p i, Where 1o = (gs + as) / (g, + ap) is the conversion factor
from pump to signal gain changes, and r; accounts for the possibility that the
cross section anisotropies of individual ions at the two wavelengths may not
be fully correlated. After some algebraic manipulation, the local PDG may be
written on the form Agpoe sk = fu(¢) if the parameters a, b, ¢ and v in (7.9)
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are redefined as:

a=1+ (P + Pyr/2) Py, b=2P.F"

P, ./2
C:<H+Eiiﬂ03f,%:mﬁﬁl (7.12)
ToGy — Qs
v = —wyn, Dyp (Toa, — as) Ny = T170-

P, and P, are defined by (7.7). The pump induced portion of the polarization
dependence of the gain and gain grating coefficients Ag, and Agy, ,, respec-
tively, may thus be calculated, after substituting (7.12) into (7.10, 7.11), as
Ag, = Fo1 + Fo2 and Agyrp, = F11 + Flo.
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PartIV:
Sensor Applications

Chapter 8

Polarimetric distributed feedback fiber laser
sensor for simultaneous strain and temperature

measurements!

Abstract — We report the application of a dual polarization distributed
feedback (DFB) fiber laser as a strain and temperature sensor. By mea-
surement, of the absolute wavelength of one polarization as well as the
polarization beat frequency, strain and temperature were determined si-
multaneously. The sensor has an accuracy of £3us and 40.04°C. Self-
heating of the DFB fiber laser as a function of pump power was measured
with this sensor.

OCIS codes: 060.2370, 280.3420.

8.1 Introduction

Fiber-optic Bragg grating sensors are a promising device for measuring strain
and temperature in a variety of structures. Bragg gratings are written nonin-
vasively into optical fibers [1, 2] making the sensor head very compact. The
measurands are wavelength encoded, offering high accuracy and wavelength
division multiplexing capabilities of several sensors. However, as the grating
wavelength is a function of strain and temperature, the elimination or compen-
sation of this strain-temperature cross-sensitivity has become of great techno-
logical interest in recent years.

1 This chapter is a re-edited version of [O. Hadeler, E. Rgnnekleiv, M. Ibsen and R. I. Laming, ” Polarimetric
fiber distributed feedback laser sensor for simultaneous strain and temperature measurements”, Appl. Opt.
Vol.38, pp. 1953-1959 (1999)].

© 1999 Optical Society of America
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Several techniques have been developed and demonstrated to separate the
strain and temperature response of fiber Bragg grating sensors. These include
compensating temperature drifts by employing two independent sensors, [3]
the first one subject to strain and temperature and the second one subject to
temperature only. Careful packaging and positioning of the sensors is required
for ensuring that the temperature difference between the two sensors remains
constant and that the second sensor does not experience any strain. A more
compact design can be achieved by use of a single Bragg grating sensor capable
of measuring strain and temperature simultaneously. By superimposing two
gratings at different wavelengths, such a sensor has been demonstrated [4]
making use of the different strain and temperature responses at the two grating
wavelengths. The measurement errors were £10 pe and £5 °C. Although such
a sensor needs two light sources at widely separated wavelengths, Sudo et al.
[5] have reported a sensor with a Bragg grating written into birefringent fiber
where the grating wavelengths of the two orthogonal polarizations responded
differently to strain and temperature. The maximum measurement errors of
that polarimetric sensor were £20 pe and +2 °C. Alternatively, the thermal
response of a grating strain sensor can be canceled by use of a chirped grating in
a tapered fiber [6]. However, the elimination of the temperature response might
limit the practicality of this strain sensor for structural monitoring because
it is impossible to discriminate between mechanically and thermally induced
expansion.

A common disadvantage of the above-mentioned passive fiber Bragg grating
sensors is that only a small fraction of the spectrally broadband light incident
on a narrow-band grating is reflected. This limits the signal-to-noise ratio and
therefore the resolution of the sensor. In general, active fiber grating sensors,
i.e., sensors where gratings form part of a fiber laser, offer a higher accuracy
than passive Bragg grating sensors. The laser intensity is concentrated in a
spectral band that is several orders of magnitude narrower than the bandwidth
of a passive grating. The laser cavities of distributed Bragg reflection (DBR)
fiber lasers are formed by either a broadband mirror and a grating or two
gratings at the same wavelength. Typical DBR fiber laser are between a few
centimeters and several meters long. Melle et al. [7] reported a DBR fiber laser
strain sensor with a resolution of 5.4 pe, limited by the electrical noise of
the interrogation system. However, in this case, the sensor resolution poten-
tially suffers from mode hopping of these highly multimoded lasers caused by
nonuniform environmental changes along the cavity length [7, 8]. Multiplexing
of as many as three DBR fiber laser sensors was demonstrated with negligible
cross talk between the sensors in [9].

A DBR fiber laser may operate in orthogonal polarization modes if birefrin-
gent fiber or birefringent gratings are used in the laser cavity. For lasers with
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a sufficiently small birefringence, the beat frequency between the two polariza-
tion modes can be measured with a commercial rf spectrum analyzer. External
perturbations such as strain and temperature change the birefringence [10] and
therefore the polarization beat frequency. Kim et al. [10] demonstrated a polari-
metric fiber laser sensor for measuring either strain or temperature. Because of
its multimode operation, the rf spectrum exhibited a number of beat frequen-
cies between different longitudinal and polarization modes. The accuracy of the
sensor was limited by the broad linewidth of the polarization beatsignal (~ 1.2
MHz). A DBR fiber laser that was lasing only in two orthogonal polarization
modes was demonstrated by Ball et al. [12]. The linewidth of the polarization
beat signal was less than 2.5 kHz. Compared with multimode lasers, signal
processing becomes much simpler as only one polarization beat frequency is
present. Also, the narrow linewidth of the polarization beat signal leads to a
higher measurement resolution.

For single-mode operation, DBR fiber lasers must not be longer than a few
centimeters and the grating bandwidth has to be below —0.2 nm. The short
length usually limits the pump absorption and therefore the output power.
Distributed feedback (DFB) fiber lasers are an alternative to DBR fiber lasers
with the advantage that they consist of only one grating written into rare-
earth-doped fiber. They offer single-mode operation without mode hopping and
kilohertz linewidth [13]. With a grating length of —50 mm, DFB fiber lasers
are very compact. Furthermore, as most of the laser intensity is concentrated
in the center of the grating, the sensitive region is only ~5-10 mm long, [14]
making it ideal for point sensing. Multiplexing of five DFB fiber lasers has been
demonstrated [15], but only few investigations into lasing stability and sensor
accuracy have been carried out. In low birefringent fiber a DFB fiber laser
can operate on two orthogonal polarization modes with a ftequency separation
between the two modes sufficiently small so that the polarization beat signal
can be measured very accurately with a commercial rf spectrum analyser. A
birefringent DFB fiber laser operating stably in two polarization modes was
employed in [16] as a polarimetric sensor for separately measuring lateral forces
and temperature.

In this paper, we demonstrate a similar polarimetric DFB fiber laser sensor
for strain and temperature measurements. By measuring both the polarization
beat frequency and the absolute wavelength of one polarization, we determined
both measurands simultaneously.
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8.2 Theory

The wavelengths of the two orthogonal polarization modes of a DFB fiber laser
are given by

Azy = 205 A, (8.1)

where ), , denotes the wavelength of the two orthogonally polarized laser
modes, n,, are the refractive indices of the fiber, and A is the grating pitch.
For a low birefringent fiber with n, ~ n, =~ n, the polarization beat frequency
becomes

Av = cB/ (2n*A) (8.2)

where B = n, —n, is the birefringence and c is the velocity of light. Generally,
the strain and temperature dependence of )\, is given by

6)\172//)‘%2/ - (]- - pe) 65|5:const + (Oé + 6) 6T|5:const, (83)

where p. is the strain-optic coefficient, « is the linear thermal expansion co-
efficient, and ¢ is the thermooptic coefficient. Typical values for silica fiber
quoted in the literature are p, = —0.22, n, = 1.46, o ~ 0.5 x 107% K=, and
£~ —85x 109K [16, 17].

Asymmetrical transverse stress introduces birefringence in the fiber. This
stress can build up in noncircular symmetric fibers during fabrication owing
to the different thermal contraction of core and cladding. For temperatures
below —350 °C, the birefringence reduces linearly with increasing temperature
as the glass softens.[10]. Theoretical and experimental research [18] has shown
that the birefringence is also strain dependent. Both Ball et.al. [10] and Huang
et.al. [18] have shown that the strain and temperature dependence of the bire-
fringence is caused by a complex interplay between fiber asynimetries and the
different mechanical and thermal properties of the core and cladding. However,
the theory proposed [18] is not detailed enough to describe exactly the strain
dependence of the birefringence in fibers in which core and cladding have differ-
ent mechanical properties. Leaving the exact birefringence mechanisms aside,
it follows from Eq. (8.2) that Av of a birefringent DFB fiber laser changes with
strain and temperature according to

6(Av)  [1dB
Ny = |:Ed—g — (1 + 2p5):| 65|T:const

{1dB

+ Eﬁ — (a + 25):| (5T‘5:const (84)
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Figure 8.1. Experimental arrangement: WDM, wavelength division multiplexer; ISO,
isolator; 50:50, coupler; PC1 and PC2, polarization controllers; PBS, polarizing beam
splitter; POL, polarizer; FP, Fabry-Perot spectrometer; PIN, photodiode; RFSA, rf
spectrum analyzer.

POL

The responses 6, , and 6(Av) of the DFB fiber laser to strain and temperature
[Egs. (8.3) and (8.4)] can be written in matrix form as

6/\m,y . kll klg o¢e
6Av - kgl kQQ oT
oe
= K { 6T] (8.5)

For a well-conditioned matrix K, i.e., det K# 0, Eq. (8.5) can be inverted.
Strain and temperature can then be determined simultaneously by measure-
ment of either 6\, or 6\, and 6Av.

8.3 Experimental Arrangement

The experimental arrangement is shown in Fig. 8.1. A 45 mm long DFB fiber
laser was written in an uncoated fiber consisting of an Er®t:Yb3+-doped sil-
ica core, a B-Ge-doped silica photosensitive ring around the core, and a silica
cladding. The grating coupling coefficient was k ~ 230 m~!, and the grating
phase shift was positioned asymmetrically 20 mm away from the pump input
end. The laser operated near A = 1550 nm. Standard telecommunication fiber
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was spliced to both sides of the laser, approximately 5 mm away from the grat-
ing ends. With cyanoacrylate used to bond the coated telecommunication fiber
to a fixed metal post and a manual translation stage, the gauge length of the
strain sensor was defined. FEach bonded region was 10-15 mm long. The gauge
length was [, = 616 mm. An oven, consisting of a 150 mm x 15 mm X 15
mm aluminium block and a Peltier element, was used to heat the DFB fiber
laser. A duct (3 mm x 3 mm) along the longitudinal axis of the aluminium
block accommodated the DFB fiber laser. Care was taken so that the laser did
not touch the aluminium block, preventing unwanted strain caused by friction.
Furthermore, twist in the fiber was avoided so that additional birefringence was
not introduced. The temperature of the aluminium block was regulated with
a commercial temperature controller. The thermistor of the control loop was
placed —10 mm away from the edge of the Peltier element. The real temper-
ature of the aluminium block was measured with a thermocouple next to the
thermistor. The thermocouple had a resolution of +0.1 °C, and the tempera-
ture controller kept the temperature of the oven to within this resolution. The
oven was isolated by 5-15-mm-thick polystyrene. The thermal expansion of the
fiber was constrained by the two fixing points of the fiber. Therefore tempera-
ture changes of the fiber section in the oven induced thennal stress along the
whole length of fiber. The stress related strain was l,aéT /l,, where [}, is the
length of the fiber section in the oven.

The DFB fiber laser was pumped by a 1480-nm diode laser and gave an
output power of 430 W for 82 mW of pump power. The output of the DFB
fiber laser was split into two arms by a 50:50 coupler. One arm was used to
measure the wavelength A, of one polarization with a wavemeter. The po-
larization controller PC1 was used to align the polarization axes of the laser
output parallel to the axes of a fiber-pigtailed polarizing beam splitter (PBS)
so that only the x polarization (labeling of the polarization axes is arbitrar-
ily) was incident on the wavemeter. The alignment of the polarization axes
was monitored at the second output of the PBS with a scanning Fabry-Perot
spectrum analyzer with a free spectral range of 6 GHz and a resolution of
1.2 MHz. The polarization controller PC1 was adjusted until the signal from
the x polarization vanished on the Fabry-Perot trace. Measuring 6, , of only
one polarization leads to a greater accuracy than measuring the change of the
mean wavelength of both polarizations. The latter method could suffer from
relative intensity fluctuations between the two polarization modes. As external
perturbations of the lead fiber change the polarization state at the input of the
PBS, active polarization control or the use of polarization- maintaining fiber
should be considered. At the other output of the coupler, the two polarization
modes were mixed in a polarizer. The resulting beat signal was detected with
a photodiode and the frequency measured with an rf spectrum analyzer. A
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Figure 8.2. Wavelength of x-polarization and polarization beat frequency as a func-
tion of strain.

polarization controller (PC2) was used to optimize the signal amplitude on the
rf spectrum analyzer.

8.4 Results

The wavelength A, of the unstrained DFB fiber laser at room temperature was
measured to be 1549.5 nm whilst the polarization beat frequency was Av ~ 1
GHz with a linewidth of ~ 10 kHz. Inserting Av, A\, ~ 2nA, and n = 1.46 into
Eq. (8.2) leads to a birefringence of B ~ 7.5 x 10 ¢. This birefringence is a
combination of the intrinsic fiber birefringence and the birefringence induced
by the inscription of the DFB grating. The polarization beat frequency of our
DFB fiber laser is approximately 2.3 times bigger than in a previous experiment



148 Part IV: Sensor Applications

1551.5 1 B B
1551.0 - ,,/"_/_"//‘* §
£ 1550.5 | ""”'—'—————*———_————————4————————————* ]
c [
~ L A—/‘—_//_‘//—‘
~ 1550.0 | [____________'______,_._._.—~———~——————' -
15495 | e ;
]_549_0-::::::::::::::::::::::: N SN S
I e — =0ue
B —— = 325u€
1.02 4 —— €= 649ue
N ¢ —— =974 e
5 I * €= 1299ue
- 10+t 3
N L
<
0.98 4
0-96 U SR S SR [N SN S SN S [T S ST ST SR [N ST SR ST SR [ SR SUN S S T SR SR ST SR [T S SR S S S T S S
10 15 20 25 30 35 40 45 50

T/°C

Figure 8.3. Wavelength of x-polarization and polarization beat frequency as a func-
tion of temperature. Data of only five strain levels is shown for clarity of the graph.

[16]. This can be attributed to the different fibers used for the two lasers as the
grating writing process was essentially the same.

The sensor was calibrated by measurement of A\, and Av at four different
temperatures with nine strain levels each. The standard deviation of each mea-
surement was estimated to be o(\,;) &~ £1 pm and o(Av) ~ +10 kHz. The
results are shown in Figs. 8.2 and 8.3. Two planes, A\,;(¢,T) and Av(e,T),
were fitted to the data, yielding the following regression coefficients and their
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standard deviation:

kn = (1.147 + 0.002) pm/pe,
ki = (7.946+ 0.065) pm/°C,
ky = (7.946 + 0.043) kHz/pe,
ez (—1.623 &+ 0.002) MHz/°C.

Note that the numerical equality of k5 and ko; is pure coincidence.

The analysis of the residuals showed that the deviations of the wavelength
measurements from the fitted straight line arose mainly from an uneven mo-
tion of the translation stage, which defined the strain. This limits the accuracy
of the regression coefficients k11 and kq2. The resolution (40.1°C) of the ther-
mocouple used to measure the oven temperature corresponds to 6Av = +162
kHz. The residuals of the beat frequency measurements and the resulting stan-
dard deviation of the regression coefficients ky; and ks are due mainly to this
limited resolution of the temperature measurement. The analysis of the resid-
uals showed no sign of nonlinear strain or temperature response of the sensor.
Therefore it can be concluded that any cross-sensitivity between strain and
temperature is negligible. Combination of the calibration errors, i.e., the errors
of K~!, and the accuracies of the wavelength and polarization beat frequency
measurements, o(\,) and o(Av), yields, for this strain and temperature sensor,
an accuracy of +£3 pe and £0.04 °C. The reproducibility of the strain measure-
ments was +2.5 pe, which is in agreement with the position reproducibility
of the translation stage. Although the telecommunication fiber was coated, no
slipping or creep of the fiber was observed. However, at higher strain levels
or over longer periods, slipping and creep are potential problems that one can
solve by choosing appropriate glues and by using either uncoated fiber or harder
coatings. The thermal stress induced by the rise of the fiber temperature from
room temperature (25 °C) to 45 °C led to a strain of -2.4 pe, which lies within
the accuracy of the sensor. A possible calibration error of the thermometer is
not included in the above stated accuracy of the sensor. The resolution of this
strain and temperature sensor is limited by the accuracy of the wavelength and
the beat frequency measurements. The accuracy of the wavelength measure-
ment is practically limited by the wavemeter used, in this case &= 0.1 pm. The
accuracy of the beat frequency measurement is limited by the linewidth of the
beat signal, which, in turn, depends on the linewidth of the DFB fiber laser.

The strain dependence 6\, /A, = k11 X de/\, = 0.746¢ is in good agreement
with theoretical predictions from Eq. (8.3) of A, /A, = 0.786e. The temper-
atare dependence 6\, /N, = ko x §T/)\, = 5.1 x 10 °K ! is smaller than
8.5 x 107°K 1, the value commonly quoted for silica fiber in the literature.
This discrepancy probably arises from the rare-earth doping of the fiber, as the
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Figure 8.4. Wavelength of x-polarization and polarization beat frequency as a func-
tion of pump power at 1480 nm.

value is similar to 4.9 x 107K ~!, which is calculated from the results published
by Kringlebotn et.al. in [16]. From the beat frequency measurement Av, it can
be concluded that the birefringence increases with strain. Additional asymmet-
ric stress is probably induced in the strained fiber owing to different mechanical
properties of the core, the B-Ge-doped ring, and the cladding. The decrease of
Av with increasing temperature is expected from theory. The slope §Av /6T
depends on the actual thermal properties of the fiber used.

Self-heating of the DFB fiber laser sensor, which is a function of pump power,
is a potential source of error. Since the laser intensity is concentrated in the
center of the grating and decreases exponentially toward the ends [14], the
temperature varies accordingly. Measuring A, and Av yields a weighted mean or
an effective temperature of the DFB fiber laser. While the unstrained fiber was
in free air in the oven, the pump power was increased from 40 to 85 mW. Figure
8.4 shows A\, and Av as a function of pump power. The data points lie within
the aforementioned accuracy. Fitting two straight lines to the data and using
the calibration constants ki and koo reveals that the effective temperature
increased by 0.014 + 0.001 °C/mW. So that the aforementioned accuracy of
+0.04 °C is not exceeded, the pump power must not vary by more than +3
mW. Although the output power of commercial pump lasers can easily be
stabilized to within this limit, variable losses in the lead fiber could potentially
cause larger variations. Further investigations on how the pump and lasing
intensifies heat the fiber will be carried out in a separate experiment.
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8.5 Conclusion

In conclusion, we have demonstrated an active polarimetric strain and temper-
ature sensor based on a birefringent DFB fiber laser. The achieved accuracy of
simultaneous measurements of strain and temperature was +3 pe and £0.04
°C, respectively. This accuracy was limited by the equipment used to calibrate
the sensor, so an improved accuracy should be obtainable. No cross-sensitivity
between strain and temperature was observed; the sensor responded linearly
to both measurands. The DFB fiber laser operated robustly in two linear po-
larizations, and it is hoped that multiplexing of several such devices will lead
to simple, easy to install, and reliable fiber sensor networks. For industrial ap-
plications the sensor can potentially be protected by, e.g., tubes of ~ 50 mm
length and ~ 1 mm diameter. Mass fabrication of DFB fiber lasers would result
in a low-cost sensor head. The expensive parts of the sensor, the pump laser,
and the signal processing unit could be shared between several sensor networks.
The use of a digital ftequency counter or a voltage-controlled oscillator locked
to the polarization beat frequency would reduce the costs of the signal pro-
cessing unit. Self-heating of the fiber laser as a function of pump power has
also been measured. Pump power fluctuations that could be caused by variable
losses in the lead fiber should be kept below +£3 mW so that the previously
mentioned accuracy of the temperature measurements is not exceeded.

8.6 Acknowledgement,

O. Hadeler acknowledges the support through a Co-operative Award in Science
and Engineering, award from BICC Cables Limited, and the useful discus-
sions with the staff at BICC in Helsby, United Kingdom. The Optoelectronies
Research Centre is an interdisciplinary research center funded by the United
Kingdom Engineering and Physical Science Research Council.

References

[1] G. Meltz, W. W. Morey, and W. H. Glenn, ” Formation of Bragg gratings in
optical fibers by a transverse holographic method,” Opt. Lett. 14, 823-825
(1989).

[2] K. O. Hill, B. Malo, F. Bilodeau, D. C. Johnson, and J. Albert, ”Bragg
gratings fabricated in monomode photosensitive optical fiber by UV ex-
posure through a phase mask,” Appl. Phys. Lett. 62, 1035-1037 (1993).



152 Part IV: Sensor Applications

[3] A. D. Kersey, T. A. Berkoff, and W. W. Morey, ”Fiber-optic Bragg grat-
ing strain sensor with drift-compensated high-resolution interferometric
wavelength-shift detection,” Opt. Lett. 18, 72-74 (1993).

[4] M. G. Xu, J. L. Archambault, L. Reekie, and J. P. Dakin, ” Discrimination
between strain and temperature effects using dual-wavelength fibre grating
sensors,” Electron. Lett. 30, 1085-1087 (1994).

[5] M. Sudo, M. Nakai, K Himeno, S. Suzaki, A. Wada, and R. Yamauchi,
”Simultaneous measurement of temperature and strain using PANDA fiber
grating,” in Optical Fiber Sensors, Vol. 16 of 1997 OSA Technical Digest
Series (Optical Society of America, Washington, D.C., 1997), pp. 170-173.

[6] M. G. Xu, L. Dong, L. Reekie, J. A. Tucknott, and J. L. Crug,
”Temperature-independent, strain sensor using a chirped Bragg grating
in a tapered optical fibre,” Electron. Lett. 31, 823-825 (1995).

[7] S. M. Melle, A. T. Alavie, S. Karr, T. Coroy, K Liu, and R. M. Measures,
” A Bragg grating-tuned fiber laser strain sensor system,” IEEE Photonies
Technol. Lett. 5, 263-266 (1993).

[8] G. A. Ball, W. W. Morey, and P. K Cheo, ”Single- and multi- point fiber-
laser sensors,” IEEE Photonies Technol. Lett. 5, 267-270 (1993).

[9] A.T. Alavie, S. E. Karr, A. Othonos, and R. M. Measures, ” A multiplexed
Bragg grating fiber laser sensor system,” IEEE Photonies Technol. Lett.
5, 1112-1114 (1993).

[10] S. C. Rashleigh, ”Origins and control of polarization effects in single-mode
fibers,” J. Lightwave Technol. LT-1, 312-331 (1983).

[11] H. K Kim, S. K. Kim, and B. Y. Kim, ”Polarization control of polarimetric
fiber-laser sensors,” Opt. Lett. 18, 1465-1467 (1993).

[12] G. A. Ball, G. Meltz, and W. W. Morey, ”"Polarimetric heterodyning
Bragg-grating fiber-laser sensor,” Opt. Lett. 18, 1976-1978 (1993).

[13] J. T. Kringlebotn, J. L. Archambault, L. Reekie, and D. N. Payne,
"Er’t:Yb3t-codoped fiber distributed-feedback laser,” Opt. Lett. 19,
2101-2103 (1994).

[14] E. Ronnekleiv, M. Ibsen, M. N. Zervas, and R. I. Laniing, ”Characteri-
zation of intensity distribution in symmetric and asymmetric fiber DFB
lasers,” in Conference on Lasers and Electro-Optics, Vol. 6 of 1998 OSA

Technical Digest Series (Optical Society of America, Washington, D.C.,
1998), p. 80.



Chapter 8: Polarimetric distributed feedback fiber laser ... 153

[15] J. Hiibner, P. Varming, and M. Kristensen, ”Five wavelength DFB fibre
laser source for WDM systems,” Electron. Lett. 33, 139-140 (1997).

[16] J. T. Kringlebotn, W. H. Loh, and R. I. Laming, ”Polarimetric Er?'-
doped fiber distributed-feedback laser sensor for differential pressure and
force measurements,” Opt. Lett. 21, 1869-1871 (1996).

[17] H. Singh and J. S. Sirkis, ”Simultaneously measuring temperature and
strain using optical fiber microcavities,” J. Lightwave Technol. 15, 647-

653 (1997).

[18] S.-Y. Huang, J. N. Blake, and B. Y. Kim, ”Perturbation effects on mode
propagation in highly elliptical core two-mode fibers,” J. Lightwave Tech-
nol. 8, 23-33 (1990).



154 Part IV: Sensor Applications




Chapter 9

Intrinsic Distributed Feedback Fibre Laser High
Frequency Hydrophone!

Abstract — We demonstrate for the first time a distributed feedback fibre
laser used as a hydrophone for acoustic frequencies ranging from 0.1 to

1MHz.

9.1 Introduction

Fibre optic interferometric hydrophones have been under development for more
than 20 years as an alternative to conventional piezoelectric based hydrophones,
and are attractive due to light weight, multiplexing capabilities, and high reso-
lution, making them attractive for hydrophone arrays. Interferometric sensors
are based on coils of optical fibre with dimensions mainly limited by the mini-
mum coiling diameter, which is typically 15-20 mm. Smaller sensor dimensions
are normally required for high frequency (>100 kHz) acoustic sensing to avoid
extremely directive sensors. Also operation in space-restricted areas will require
small sensor dimensions.

Distributed Bragg reflector (DBR) fibre laser sensors with interferometric
readout have been demonstrated for high resolution strain measurements [1].
DBR lasers are based on one fiber Bragg grating (FBG) reflector at each end
of an erbium-doped fibre. They are susceptible to mode-hopping and typically
will have effective sensor lengths of several centimetres, which may be too

I This chapter contains a re-edited version of the submitted manuscript [D. Thingbg, E. Rgnnekleiv and J.
T. Kringlebotn ”Intrinsic Distributed Feedback Fibre Laser High Frequency Hydrophone”, submitted to the
Topical Meeting on Bragg Gratings, Photosensitivity, and Poling in Glass Waveguides, to be held in Florida,
USA, 1999]
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Figure 9.1. Relative and absolute frequency responsivity of the DFB fibre laser sensor.

long for high frequency acoustic sensing. DFB fibre lasers, [2] consisting of a
single phase-shifted FBG written into a rare-earth doped fibre, should be very
attractive for acoustic sensing owing to i) their robust single mode operation,
ii) an extremely narrow linewidth (1-10kHz), providing low noise, and iii) a
very short sensitive length [3].

We here demonstrate a DFB fibre laser used as a hydrophone for acoustic
measurements in the frequency range of 0.1 to 1 MHz. The frequency response,
directivity, and noise spectrum are measured.

9.2 Experimental results

A 5 cm-long erbium-doped, acrylate coated DFB fibre laser with 80 mm diam-
eter and an optical linewidth of ~ 10 kHz (produced by Ionas, Denmark) was
placed in a large water tank with 1.1 m diameter, ~ 65 cm from the acoustic
source, made from a broad-band (0.1 - 2.2 MHz) 15 mm diameter PVDF-disk.
The acoustic source emitted bursts of 30-40 sine-periods to allow gated de-
tection without interference with reflections from the walls of the tank. The
acoustic field was directed normally to the fibre laser axis. The source was cal-
ibrated up to 800 kHz, using a calibrated probe hydrophone. The fibre laser
was remotely pumped by a 1480-nm diode laser through a WDM and the
back-propagating fibre laser light was directed through the WDM and into an
unbalanced (AL = 18 m) Mach-Zender interferometer with manual polarisa-
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Figure 9.2. Output power spectrum of the sensor with an applied signal at 800kHz.

tion control and DC quadrature control by feedback to a piezo-electric fibre
stretcher.

Fig. 9.1 shows the measured relative frequency response, Av/(v6P) and ab-
solute frequency response Av/AP of the DFB fibre laser acoustic sensor used
as a hydrophone between 400 and 800 kHz, where v is the laser frequency.
The measurement is in good agreement with the expected relative frequency
response of ~ 4.5 x 10712 Pa~! for a high frequency (axial constrained) opti-
cal fibre hydrophone [4]. The ~ 6 dB/octave roll-off in the frequency response
can be due to a slight misalignment of acoustic wave-front relative to the fibre
axis, as the width of the angular responsivity (see Fig. 9.4) is highly frequency
dependent.

The output power spectrum of the sensor with an applied signal of 177 dB
rel. 1 mPa at 800 kHz is shown in Fig. 9.2. From this we have derived a noise
equivalent acoustic pressure of ~ 93 dB rel. 1 uPa/+/Hz (50 mPa/+/Hz) at 800
kHz. This noise floor is determined by receiver noise, and can be reduced by 10-
20 dB by optimising the electronic receiver and the receiver interferometer. The
noise will then be determined by the fundamental thermal frequency noise of
the fibre laser [1]. As seen in Fig. 9.2 the noise spectrum has a peak around 130
kHz (with a bandwidth of ~ 10 kHz), due to the laser relaxation oscillations,
which is also causing side-band peaks around the signal at 800 £ 130 kHz.
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Figure 9.3. Spatial sensitivity dustribution of the fiber DFB laser measured with a
heat perturbation technique.

The acoustic sensor is omnidirectional in the plane normal to the fibre axis
owing to the symmetrical (cylindrical) shape of the fibre. When the acoustic
wave is incident at an angle ® relative to the fibre axis (as shown in the inset of
Fig. 9.4) the response has an angular dependence, determined by the effective
sensitive length (aperture) of the sensor.

Fig. 9.3 shows the spatial sensitivity distribution of the laser, measured by
sacnning a heat source with an extension of about 1.5 mm over the laser fiber
and measuring the resulting laser frequency shift. A good fit to the exponential
distribution év o exp(—2k|z|) expected theoretically for an ideal discrete 7
phaseshifted DFB laser with grating strength x = 160 m~! is observed, except
for is a rtelatively flat region close to z = 0. This flat region is attributed to
the distributed nature of the grating phase-shift. The aperture, defined as the
distance between the points where the sensitivity has dropped to 1/2 of its
peak value, is 6.7 mm.

Fig. 9.4 shows the measured angular responsivity of the DFB fibre laser
sensor at 800 kHz, which has a narrow central lobe with a 3-dB width of 6.4°.
This width will decrease with increasing acoustic wavelength, which at 800
kHz is close to 2 mm. The angular responsitivity expected from the spatial
characterization measeurements, calculated by taking a Fourier transform of
the measurements in Fig. 9.3, is also shown i n the figure, along with a Lorenzian
curve corresponding to the ideal theoretical curve in Fig. 9.3. The central lobe
of the angular measurements is similar to the calculated curves.
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Figure 9.4. Measured and calculated angular responsivity at 800kHz. The calculations
are based on the measured spatial sensitivity distribution along the fibre laser.

The side-bands in the direct angular measurements may be due to unre-
solved grating imperfections with high spatial frequencies (which would not be
resolved by the spatial measurements), coating effects or air bubbles on the

fibre.

9.3 Summary

We demonstrate for the first time a DFB fibre laser used as a hydrophone. The
pressure sensitivity of the laser frequency ranges from 1 to 0.5 kHz/Pa between
400 and 800 kHz. The noise equivalent pressure was ~ 93 dB rel. 1 uPa/ VHz.
The angular responsivity at 800 kHz had a central lobe with a 3-dB width
of 6.4°, corresponding to an effective sensitive length of approximately 6mm,
which is much shorter than the laser cavity length of 5 cm.
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Chapter 10

Conclusion

This chapter summarizes the most important implications of the results re-
ported with respect to the use of Er-doped fiber DFB lasers as sensing elements
or interrogation sources.

An index perturbation method for characterization of fiber DFB lasers has
been demonstrated. Besides being useful for investigation of laser character-
istics, such as the order of longitudinal mode operation, modal intensity dis-
tributions, grating strength, and the polarization dependence of the grating
strength, the method and the associated theory reveals that the effective sen-
sitive length of a fiber DFB laser sensor is typically only 1/5 to 1/12 of the
total grating length, depending on the grating strength and the distribution
of the grating phase-shift region. This allows for sensor element designs with
small dimensions. The measured sensitive lengths vary between 4 and 7 mm
for a grating length of 50 mm.

An important motivation for using fiber DFB lasers as sensor elements is the
high resolutions obtainable in measurements of quantities that modulate the
fiber strain, refractive index, or birefringence. The laser frequency and polariza-
tion beat frequency noise levels demonstrated in this thesis correspond to reso-
lutions that are 3 to 4 orders of magnitude better than what has been achieved
in the laboratory with passive sensors with comparable sensitive lengths, such
as fiber Bragg gratings [1, 2]. The laser frequency and beat frequency noise mea-
surements are summarized in Table 11.1, along with the obtained sensitivities
to different measurands.

To exploit the high resolutions in practical sensor implementations it is nec-
essary to minimize the sensitivity to disturbances that one do not want to mea-
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Laser frequency Beat frequency

Noise floor: @ 2 Hz 400 Hz/v/Hz —
@ 20 Hz 140 Hz/vHz 100 Hz/v/Hz
@ 200 Hz 50 Hz/+/Hz 30 Hz//Hz
@ 2 kHz 20 Hz/v/Hz —
@ 20 kHz 15 Hz/v/Hz 3 Hz/vHz
@ 500 kHz 1.6 Hz/v/Hz —
Sensitivity: temperature —1 MHz/mK 1.6 kHz/mK
strain —150 MHz/ e 8 kHz /e
hydrostatic pressure 900 Hz/Pa (low)
birefringence (An/n) — 200 Hz/10~ '
lateral force (—1.3 £0.8 Hz/nN) 1.6 Hz/nN

Table 11.1. Measured fiber DFB laser frequency and polarization beat frequency
noise densities, as well as sensitivities to different measurands. The polarization beat
frequency of the investigated lasers were about 1 GHz.

sure, such as (depending on the application) temperature changes, vibrations,
and effects of strain and bending in flexible probes. Simultaneous interroga-
tion of the optical frequency and the polarization beat frequency from a dual
polarization laser seems to be a powerful technique for reducing this problem.
Careful design of the sensor housing and fiber coatings are also believed to be
important in order to minimize the sensitivity to unwanted disturbances.

Instabilities due to external back reflections from discrete reflectors Rayleigh
scattering in the lead fiber seems to be a potential problem for the application
of fiber DF'B lasers as remote sensor elements positioned far (2 100 m) from the
pumping and interrogation unit. In many cases, this problem can be overcome
by inserting optical isolators or non-reflective wavelength selective attenuators
in the lead fiber near the sensor laser. A more preferable solution would be
to develope fiber DFB lasers that are more tolerable to external reflections.
Important parameters in this respect are the grating reflectivity, the linewidth
enhancement factor, and saturable absorber defects in the gain-medium.

The observation that single polarization fiber DFB lasers can be multiplexed
along a single fiber without significant degradation of the noise performance is
promising for the possibility of performing multiple point distributed sensing
with fiber DFB lasers. Simulation results have also shown that the polariza-
tion mode competition at steady state is not affected significantly by serial
multiplexing. It should be noted, however, that the dynamic behavior of dual
polarization lasers in serially multiplexed systems still needs to be investigated.

We have focused mainly on 1480-nm pumped fiber DFB lasers with moder-
ate output powers in the < 500 W range. The low laser efficiency is due to
low pump absorption in the short Er-doped fiber. Considerably higher output
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powers can be obtained by pumping Er-Yb co-doped lasers at 980 nm, because
of a much higher pump absorption. However, the high pump absorption per
laser in this case does not allow for serial multiplexing of lasers. Moreover, the
increased self heating associated with high power laser operation can disturb
the sensor performance [3]. The output power obtained with 1480-nm pump-
ing should be more than sufficient for accurate sensor interrogation. Sources
with higher output powers can be made by using the residual pump power to
pump an erbium doped fiber amplifier in an master oscillator power amplifier
(MOPA) configuration.

A large portion of this work has been devoted to a theoretical and experi-
mental investigation of polarization mode competition in fiber DFB lasers. A
simple method for obtaining robust single polarization operation seems to be
manipulation of the polarization dependence of the grating coupling coefficient
K, thus introducing polarization dependent losses in the laser cavity. This can
be obtained by controlling the polarization of the UV light used for the grating
inscription [4]. If UV post-processing is used to make the grating phase-shift,
an alternative approach is to introduce a polarization dependence in the grat-
ing phase-shift [5, 6], which also leads to polarization dependent cavity losses.
Pump polarization fluctuations, external back-reflections, and grating birefrin-
gence non-uniformities will also affect the laser polarization mode competition.

Sufficient control with the above mentioned parameters is also necessary
to obtain robust dual polarization lasers. The results presented in Chap. 7,
and also experience from other dual polarization experiments, makes us con-
fident that this is possible. In cases where mechanically induced changes in
the birefringence are to be measured, it is however important to design the
force transducer mechanism carefully so that a sufficient uniform birefringence
distribution is maintained along the laser length.

The low level of frequency noise and potential strain and temperature tuning
capabilities of fiber DFB lasers makes them promising as sources for passive
fiber Bragg grating sensor interrogation, interferometric sensor interrogation,
high resolution spectroscopy, and for optical device characterization purposes.
Compared to other sources with comparable frequency noise characteristics, the
fiber DFB lasers have the advantages of a compact in-fiber design, easy and
accurate wavelength selection during production, a large tuning range with-
out mode-hopping, and the possibility of creating multiple wavelength sources
that are pumped from a single diode pump laser, either through serial laser
multiplexing, or by Moiré grating techniques [7].

The easiest method to obtain strain-tuning is by applying a tensile strain.
The mechanical strength of the fiber limits the possible tuning range to ~ 10
nm in this case, corresponding to a strain of ~ 8 me. Compression tuning allows
for a larger tuning range, and mode-hop free compression tuning of a fiber DBR
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laser over 32 nm has already been demonstrated in the lab [8]. Major challenges
in the development of a commercial compression tuned device are expected to
be to ensure a sufficient uniform strain distribution to avoid longitudinal mode
hopping, and at the same time avoid mechanical degradation of the fiber (due
to friction or buckling). Because of the short effective cavity length, fiber DFB
lasers are generally expected to be more tolerant to non-uniform strain and less
prone to mode-hopping than DBR lasers.
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