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Abstract

An analytical model for two-, three-, and four-leve! system rare-earth-doped fiber amplifiers
and lasers is presented. Fiber amplifier gain is expressed in terms of easily measured attenuation
coefficients, intrinsic saturation powers, and cross saturation powers at the pump and signal
wavelengths. System-independent formulas are given for the slopes and thresholds of ring and linear
fiber lasers. Good agreement between theory and experiment is shown for erbium-doped fiber
amplificrs and lasers and thulivm-doped fiber lasers. Approximate system-independent solutions are
also given for fiber amplifiers with excited state absorption at either the pump or signal wavelengths.
A novel technique, requiring only one tunable light source, is proposed for finding the best pump
wavelength when pump ESA is present. Analysis of erbium doped fiber amplifier (EDFA) gain and
noise yields a new expression for the amplifier signal-to-noise ratio (SNR) as a function of the fiber
length. This leads to 2 new expression for the fiber length that optimizes the output SNR.

Optical gain switching of EDFAs with short pulses at wavelengths within the amplifier
bandwidth is modelled to determine how the pump-and signal powers, pulse energy, fiber length, and
dopant concentration aftect the switching time and gain compression. Greater than 20 dB gain
compression with nanosecond switching times is demonstrated with good agreement between theory
and experiment. Remote EDFA switching from as far as 50 km away is demonstrated. The distance
is limited by spontancous Raman scattering of the switching puises. These limitations are
experimentally and theoretically investigated.

Novel configurations are proposed for bidirectional amplification in both single-mode fiber
and polarization maintaining fiber. New frequency dependent optical isclators are demonstrated for
OTDR testing of amplified tiber links. The new bidirectional amplifier design is much better at
attenuating backretlections than a standard EDFA.

Polarization separated bidirectional fiber local area networks are proposed. Point-to-point and
retlective N-star coupler networks where N=M* or 2M* are considered for an integer M. Reflective
star coupler networks use a novel proposed fiber device: an orthogonal polarization variable reflector
which can act as an orthogonal polarization full or half reflector. A bidirectional fiber amplifier

configuration for polarization separated signals is also proposed.
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Chapter 1

Introduction

I.1 Optical Communications

Information services and products such as ISDN, electronic mail, computer communications,
HDTYV, interactive television, video conferences, and videophones are constantly being improved,
installed, or forecast. Because of its immense bandwith (about 20 THz) and very low loss (about 0.25
dB/km), the medium that has t'ie transmission capactity required by these applications is single-mode
optical fiber. Along with its applications in communications, optical fiber is also used for sensing,
medicine, optically enhanced computing, and laser sources. Fiber optic communications has evolved
from a first generation which used 830 nm LEDs and multimode fiber yielding a transmission
capacity of 1 Gb-km/s, to a second generation which used 1320 nm laser sources and single-mode
fiber yielding a transmission capacity of almost 100 Gb-km/s, and then to a third generation which
used 1550 nm laser sources and single-mode fiber vielding a transmission capacity of hundreds of
Gb-knvs. Future generations may use one or more of the following technologies which ure presently
at the rescarch stage: coherent optical detection, soliton transmission, dense wavelength division
multiplexing, and optical switching and routing.

Although fiber loss is very low at 1550 nm, amplification is still necessary for long-haul
communications and for distributing signals among millions of subscribers. One technology that has
emerged is direct optical amplification. Optical amplifiers offer high gain, low noise, a virtually
unlimited bandwidth (DC to THz), an ability to simultaneously amplify many multiplexed signals,
and bit-rate and modulation forrﬁat transparency. They have several applications such as replacing
electronic repeaters in long-haul transmission lines and compensating for star coupler splitting loss

in cable TV distribution networks [1].

1.2 Overview of Optical Amplifiers

In the last seven years, rapid advances have been made on rare-earth-doped single-mode fiber
amplifiers and lasers [2]. Erbium-doped fiber amplifiers (EDFAs) have already established their key

role for 1.55 pm optical communication networks. Research is now rapidly advancing on
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praseodymium and neodymium -doped fiber amplifiers for the 1.3 pm telecommunications window.
Efficient amplification and lasing of light from 0.5 to 3 pm has also been shown with other rare-carth
dopants. Competitors of rare-earth-doped fiber amplifiers include electrically pumped semiconductor
optical amplifiers and optically pumped nonlinear fiber amplifiers emploving stimulated Raman
scattering, stimulated Brillouin scattering, or four wave mixing. For optical fiber communications the
strongest contenders are the semiconductor optical amplifier (SOA) and the EDFA. Development of
these devices is progressing rapidly as demand increases for fiber compatible amplifiers and lasers.

A brief summary of the various amplifiers follows.

12.1 Semiconductor Optical Amplifiers

Semiconductor optical amplifiers (SOAs) amplify signals in the optical communication
windows: 0.85, 1.3, and 1.55 pm [3]. An SOA is a laser diode with antireflection (AR) coating on
its facets. Gain is provided by stimulated emission in the current-driven population inversion region.
About 30 dB internal gain with 6 dB coupling loss has been demonstrated within a2 5 THz bandwidth
[4]. SOA performance is hindered by fiber coupling loss, polarization dependence, gain ripple. high
crosstalk, and high noise tigures. EDFAs are therefore favoured for 1.55 um, and SOAs are used for
1.3 pm. Because they are electrically pumped, SOAs have applications not supported by doped-fiber
amplifiers including switching, wavelength conversion, and simultaneous transmission, detection, and

amplification [5], [6].

1.2.2 Fiber Brillouin Amplifiers

The energy level diagram in Fig. L1 illustrates light amplification in silica fibers by
stimulated Brillouin scattering (SBS). Through an interaction with the SiO, molecules in optical fiber,
energy is transferred from pump photons to acoustical phonons and signal (Stokes) photons. In fused
silica the signal is downshifted from the pump by 13 GHz, and the pump bandwidth is 23 MHz [7],
(8]. These values are determined by the characteristic energy distribution of the acoustical phonons
in the glass host. Thus, light input to the optical fiber at the lower pump wavelength amplifies light
at the higer signal wavelength. Since SBS requires momentum conservation, it occurs only with
backwards pumping. Stokes photons input to the fthat are guided in the fiber are then amplified by

SBS. Although fiber Brillouin amplifiers (FBAs) have 20-40 dB small-signal amplification with less



than 10 mW pumping power, they have the major A

drawback of a narrow bandwidth (< 100 MHz) Signal
which limits the data rate to less than 250 Mbfs. Stokes
Al | f bilizati ithi 2 Pump photon
S0, as cque st tion t t
so, pump laser frequency stabilization to within E photon
10 MHz is required to prevent gain variations. Other Phonon

drawbacks arc the long fiber lengths required

(>10 km) and the large cxcess noise factor caused

‘ Fig. 1.1 Energy level diagram of stimulated
by the large population of acoustic phonons at room Brillouin and Raman scattering.
temperature  [9). One advantage of the narrow
bandwidth s that a narrow, tunable pump can be used to selectively amplify and demodulate dense
wavelength division multiplexed (WDM) channels. FBAs can also selectively amplify a carrier while
leaving its modulation side bands unamplified, thereby improving receiver sensitivity. For example,
when a 90 Mb/s signal was transmitted over 36 km of fiber only 2.9 mW of pump power improved
the receiver sensitivity by 16 dB [9]. One advantage of FBAs is their high output saturation power
which can reach about half the input pump power [9]. In conclusion, FBAs have gain greater than
30 dB with low pump power and more than 1 km of fiber, but their narrow bandwidth limits the data

rate to less than 250 Mb/s, and the narrow pump linewidth places strict requirements on the pump

laser.

1.2.3 Fiber Raman Amplifiers

Stimulated Raman scattering (SRS) also amplifies Stokes photons in optical fibers [10]. The
process is similar to that of Brillouin scattering and can be described with a similar energy level
diagram as in Fig. L.1. In this case the light interacts with optical phonons of the material which have
an cnergy determined by the vibrational resonance of the glass molecules. In silica fibers the Raman
shitt is 13.2 THz with a 6 THz bandwidth. Thus the energy shift is larger and broader than that of
SBS. Unlike Brillouin amplifiers, ﬁbei' Raman amplifiers (FRAs) are seif-phase matched and can be
cither forward or backward pumped. Since, the Raman gain is about 500 times smaller than the
Brillouin gain, 2 Raman amplifier must suppress the pump depleting SBS. SBS can be suppressed
by using short pump pulses (<10 ns) or using 2 multimode pump with a linewidth much larger than

the Brillouin linewidth. The major drawback of FRAs is the low gain and associated high pump



power and long fiber length. One advantage of FRAs is their broad bandwidth which is useful for

simultaneously amplifving WDM signals.

1.2.4 Fiber Parametric Amplifiers Using Four Wave Mixing

Parametric amplification in a fiber occurs when two pump photons are absorbed and. through
an interaction with the fiber nonlinear polarization. a signal photon and idler photon are emitted. In
comparison with SBS and SRS, parametric frequency conversion is advantageous in that both up and
down conversion are possible and the range of possible frequency shifts is broader. The disadvantage
is that it requires phase matching to conserve momentum. Phase matching can be achieved by using
the different modes of a multimode fiber, by utilizing the birefringence in a polarization maintaining
fiber, or by operating close to the zero dispersion wavelength (1.3 pm) [11], [9]. In silica fibers the
gain coefficient is about 250 times smaller than that of SBS. Therefore, like fiber Raman amplifiers,
parametric amplifiers must also be designed to suppress SBS. Typically, parametric gain typically
dominates for short fibers and Raman gain dominates for longer fibers because phase matching is
difficult to maintain over long distances due to variations in the fiber core diameter. The total gain
is thus limited by the interaction length. Amplifier bandwidths are on the order of 100 GHz and the
frequency shift can be as large as 100 THz [9]. In one experiment. 70 W/500 kHz pulses from a Q-
switched Nd: YAG pump laser at 1319 nm amplified 1338 nm pulses by 46 dB [12]. Because they
require high pump power and phase matching, these amplifiers are impractical for optical
communications except for special applications such as spectral inversion for dispersion

compensation [13].

L2.5 Rare-Earth-Doped Fiber Amplifiers

In a rare-carth-doped fiber amplifier light from a pump laser is coupled with light from longer
wavelength signals into the doped fiber. The pump excites the rare-earth ions within the fiber core
to create a population inversion, from which amplification at the signal wavelength occurs by
stimulated emission. Within the 1550 nm telecommunications window, erbium-doped-fiber amplifiers
(EDFAs) have demonstrated 51 dB gain and 3 dB noise figure within a 4 THz bandwidth (30 nm)
[14]. A typical EDFA is shown in Fig. 1.2. The 980 or 1480 nm pump laser is coupled with 1550

nm signal light to the doped fiber by a wavelength selective coupler. The fiber modal confinement
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Fig. 1.2, Erbium-doped fiber amplifier. WDM is a fiber wavelength division multiplexer.

maintains high pump and stgnal intensities over long interaction lengths, thus enabling pump to
signal differential conversion efficiencies greater than 50% [15]. Efficient amplification is obtained
with laser diode pumping since a few milliwatts of pump power gives 30 dB small-signal gain. The
saturation output power, limited by the pump power. can be greater than 500 mW [16]. The large
gain per pump power that can be achieved with a few meters of fiber is orders of magnitude greater
than that given by nonlinear fiber amplifiers. EDFAs can also amplity solitons with negligible pulse
distortion [17].

Table 1.1 compares the SOA and EDFA. From Table I.1, the EDFA has lower noise, higher
gain, polarization independent operation and lower distortion and cross-talk than the SOA. The
remarkable performance of erbium-doped fiber amplifiers has stimulated the search for comparable
fiber amplifiers for the 1.3 pm window, Two candidates have emerged. neodymium-doped [18] and
prascodymium-doped [ 19] fluoride glass fiber amplifiers. Fluoride glass is chosen for these amplifiers
because of its lower phonon energy (see Section I1.2). The Pr'*-doped amplifiers have shown the
most promise with over 30 dB gain and over 10 dBm saturation output power demonstrated with

approximately | W of pump power at 1.017 pm [19].

L2.6 Rare-Earth-Doped Integrated Optical Waveguide Amplifiers and Lasers
The success of rare-earth-doped fiber devices has motivated research in the fabncation of rare-

carth-doped tntegrated optical waveguides [20], [21]. This could be an attractive method to integrate
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Table I.I. Compuarison of EDFA and SOA.

SOA
Fiber to fiber gain >10 dB <25dB
Coupling loss <0.2 dB/side 3-5 dB/side
Polarization sensitivity insensitive <1dB
{best case)
Saturated output power !l >20 dBm <10 dBm
Optical bandwidth = 30 nm 50-200 nm
Centered on In both 1310 & 1550 nm
1530-1550 nm windows
Gain modulation < 10 kHz > I GHz
Noise figure 34 dB 5 JdB plus coupling loss
Loculisation Discrete and continuous Discrete
Crosstalk < -40 dB @ 10* Hz NDFWM Limits channel
spactng > 10 GHz
Gain ripple with None -1 dB, | nm period
wavelength
Device lifetime 10° Hrs @ 1.48 pmv 0.98 > 10
pm
Temperature range + [0°C +0.5 °C
OTHER Better linearity Integratable
Remote optical pumnping High pump cfficiency
Versatile: switching,
modulation, transmission,
detection, filtering add and
drop




active components such as lasers, amplifiers, and variable attenuators with other active and passive
components on a single substrate. Er'*-doped and Nd*-doped waveguides and amplifiers have been
reported. Fabrication methods include flame-hydrolysis deposition of glass on a silicon substrate
followed by solution doping of rarc-carth ions and reactive ion etching [22], Er diffusion into
lithium niobate substrates [23], doping lithium niobate crystals during growth with Nd* [24], RF-
sputter deposition of Er'*-doped soda lime glass films on oxidized silicon substrates [25]. wnd ion-
exchange in Er'*-doped glass [26].

In these integrated devices, a very high dopant density compared to that in rare-earth-doped
fihers ts required because of the relatively short propagation distances. Clustering and upconversion
limit the maximum dopant density, which in turn limit the gain per unit length. To date. 3.3 dB/cm
is the highest reported gain per unit length in an Er'*-doped waveguide amplifier, obtained with 280
mW pumping at 980 nm [25]. This field is still in its infancy with new materials and fabrication

processes being continuously investigated, so significant progress is expected.

I.3 System Applications of Optical Amplifiers

In an optical communications network, optical amplifiers can be used as power amplitiers
directly after the signal laser, as in-line amplifiers to replace electronic repeaters, and as preamplifiers
directly before the optical receiver. The principal application is in replacing electronic repeaters. This
is especially relevant to Gbit/s links where electronic repeaters are more complex and difficult to
implement, whereas optical amplifiers are bit-rate transparent. In a joint venture between AT&T and
KDD of Japan, a trans-Pacific high-capacity optical communications cable is now being installed
with EDFA repeaters every 30-50 km [27]. As preamplifiers, EDFAs can improve optical receiver
sensitivity by more than 18 dB [28]. In addition to point-to-point communications, EDFAs are useful
in cable TV (CATV) broadcast networks to compensate for the splitting loss. and to amplify the
broad range of signals in wavelength division multiplexed networks. One example of this is 2
demonstration by BTRL of a 39 million-user CATV fed by 12 DFB lasers with two stages of power
amplification [29]. At the research level, EDFAs have considerably increased soliton transmission

distances to over 12,000 km [30].
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I.4 Fiber Lasers

Various fiber lasers that employ a rare-carth-doped fiber amplifier as the gain clement in
linear or ring cavities have been demonstrated. Lasers are used for applications with stringent light
source requirements such as narrow linewidth, wavelength tunability, high power, good spatial beam
properties. or short pulse operation. Laser applications include optical communications. optical data
storage. SPeCtroscopy, remote sensing. material characterization and processing. medicine, gyroscopes,
light detection and ranging (LIDAR). and entertainment [311.

Semiconductor lasers are frequently chosen because of their high efficiency., reliability, low
cost, and compact size. However, they presently can not be used effectively in applications where
wide tunability, high power, or good spatial beam properties are required. There has recently been
strong interest in diode-pumped solid state lasers. These sources deliver high optical power in ncarly
diffraction limited beams, but they are complex in design and manufacturing. Additional fiber
compatible devices are needed to supplement the hybrid semiconductor diode/optical fiber technology
currently in use.

Diode-pumped fiber lasers have emerged as an alternative to solid-state and semiconductor
lasers. Since the first rarc-carth-doped fiber laser was butlt over 20 vears ago [32]. many
experimiental and theoretical results on silica- and fAuoride-doped fiber amplifiers and lasers with
vartous rare earth dopants have been reported. Lasing wavelengths range from 0.55 to 2.9 pm based
on erbium. neodymium. vtterbium, holmium, thulium, prascodymium, and samarium [2]. Fiber lasers
have many potential applications because of their nigh efficiency. compactness, tunability, high
power. fiber compatibility and good spatial beam quality. Because of the high energy-transfer-
efficiency in single-mode fibers, it is possible to a obtain very efficient lasing with diode pumping,
even on small quantum efficiency transitions which would not normally be considered for lasing.

Fiber lasers offer several advantages over bulk lasers such as their high gain from low pump
power. High gain vields low lasing thresholds and high slope efficiencies, allowing the inscertion of
intracavity elements with large losses. For example, filters can be placed within the cavity to produce
very narrow linewidth lasers [33]. The very high gain available from short lengths of fiber allows
one to employ high transmission output couplers and reduce the cavity lifetime for Q-switched
operation. Q-switching also works particularly well due to the long upper state lifetimes of the

common rare-carth dopants in glass [34]. The single-mode nature of the fiber together with a
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distributed heat dissipation offer excellent mode stability as well as thermal and mechanical stability.
These features can be used in sceding oscillators for high-power laser systems. The broadened
linewidths of rure earth tons in glass also enable wide tuning ranges [35] and short pulse mode-

locking [36].

1.5 Thesis Qutline

Chapter II preseats an analytical model for two-, three-, and four-level system rare-earth-
doped tiber amplifiers and lasers. This is the first ion-independent model for doped fiber devices.
Fiber amplifier gain is expressed in terms of attenuation coefficients, intrinsic saturation powers. and
cross saturation powers at the pump and signal wavelengths. These parameters can be directly
determined from one- and two-beam fiber transmission measurements. Formulas are given for the
slopes and thresholds of ring and linear fiber lasers. Because of the finite pump level lifetime, three-
and four-level models predict a flattening of the fiber laser slope at higher pumping powers when
the fiber is shorter than the optimum length. Approximate solutions are also given for fiber amplifiers
with excited state absorption at either the pump or signal wavelengths. A novel technique. requiring
only one tunable light source. is proposed for finding the best pump wavelength when pump ESA
is present. Experimental measurements of erbium- and thulium-doped fiber lasers and EDFAs show
good agreement with the theory.

EDFA noise is discussed in Chapter III. New expressions for the amplifier signal-to-noise
ratio are derived leading to an analytical expression for the optimum fiber length. These results are
compared to experimental results.

EDFA transient response is modelled in Chapter IV and the model is applied to a novel
application, remote all-optical EDFA switching. Experiment and theory show that a strong pulse
within the amplifier bandwidth can significantly compress the amplifer gain orders of magnitude
faster than previously thought. In the experiments, a mode-locked erbium doped fiber laser is
remotely switched by pulses from a Q-switched erbium-doped fiber laser at distances up to 50 km
away. Computer simulations show how the signal wavelength and power, pulse wavelength and
power. pump power, and fiber length affect the gain compression.

It 1s experimentally and theoretically demonstrated in Chapter V that transmission of the high

energy (350 nm pulses required for remote EDFA switching is limited by spontaneous Raman
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scattering in the single-mode fiber. It is shown for the first time that for a given distance and pulse
duration, there is an optimum input power that maximizes the transmitted energy. This is important
for other applications requiring the transmission of high ecnergy pulses over long fibers.

In Chapter VI new bidirectional amplifiers and frequency dependent optical isolators are
proposed and demonstrated for bidirectional networks and fault detection in amplified links.
Polarization separated bidirectional networks and related devices are proposed in Chapter VL The

thesis concludes in Chapter VIII with a summary of results to date and suggestions for future work.
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Chapter 11

Steady-State Modelling of Rare-Earth-Doped Fiber
Amplifiers and Lasers

I1.1. Introduction

Ongoing development of fiber lasers and amplifiers requires accurate and simple theoretical
modelling. The theory of amplification and lasing in fibers differs from traditional laser models in
two important aspects. First, the guiding property of single-mode fibers simplifies the analysis since
transverse beam and ion profiles can be assumed to be constant along the fiber. Second, the active
medium is confined to the central part of the beam profile so that the overlap of the optical modes
with the dopant can be assumed to be power independent.

Several numerical models and analytical solutions exist that are based on different simplifying
assumptions. Analytical models give solutions for the small signal gain of three- and four-level fiber
lusers [37], the threshold of a linear three-level fiber laser with no cavity loss [38], and the slope of
a linear two-level fiber laser with no loss and a 100% reflecting rear mirror [39]. The slope.
threshold. and lasing wavelength of a linear two-level laser with no cavity loss can also be found
araphicaliy [40]. An analytical model also exists for Pr'--doped fiber amplifiers {41]. However, these
approuaches require knowledge of fiber parameters that are difficuit to measure such as optical mode
distributions, dopant ion concentration and distribution within the fiber, emission and absorption cross
sections, and decay times.

Preferred models are those that give an analytical solution expressed in terms of easily measured
parameters such as attenuation coefficients and saturation powers. Recently, analytical expressions
were derived. using a two-level model. to predict EDFA gain from four parameters [42]. These are
the fiber attenuation coefficients o, and o, and saturation powers P,” and P, at the pump and signal
wavelengths [42]. The advantage of this method is that these parameters can be easily found by
fitting theoretical curves to nonlinear transmission measurements. This model was later expanded to
derive cxpressions for the slope and threshold of ring Er-doped fiber lasers (EDFLs) {43].
Experimental results for EDFAs and EDFLs agree with the model [42], [43], since Er™ can be

modeled with a two-level system.

-11-



However. the model cannot be applied directly to the more complex three- and four-level
systems. Analytical expressions are derived in this chapter for the gain of three- and four-level fiber
amplitiers and lasers [44]. It is shown that the two-level mode! is a special case of a three-level
system pumped directly to the metastable level (upper lasing level). In this model the absorbed pump
power and gain of the amplifier as well as the threshold and slope of the laser are expressed in terms
of experimentally determinable attenuation coefficients and intrinsic and cross saturation powers. Two
cross saturation power coefficients are introduced, describing the saturating effect of pump light on
signal light transmission and vice versa. Pumping a four-level ion directly to the metastable level,
as for Pr'™, is also addressed. The threshold, stope efficiency. minimum length, and optimum length
of linear and ring fiber lasers are derived. These expressions are differentiated to optimize laser
parameters such as the fiber length and output coupler transmission. The resultant amplifier and laser
models are the same for all three ionic systems, with system dependent definitions of the saturation
powers. Therefore, the model outlines a method, applicable to all systems, for measuring the reguired
fiber parameters and using the parameters to design and cptimize amplifiers and lasers.

The theory uses some simplifying assumptions. First, although spontancous decay is accounted
for. amplified spontaneous emission (ASE) is neglected. This is valid for fiber lasers above threshold
and for fiber amplificrs when the input signal power is significantly above the equivalent ASE noise
input power as discussed in Ref. [42]. ASE noise modelling is discussed in the next chapter. Second,
it is assumed that there is no excited state absorption (ESA) at any of the pump or signal
wavelengths. (An approximate amplifier solution that includes ESA at either the pump or signal
wavelength is given in Section 3.5). Third, it is assumed that field and dopant distributions are
independent of fiber position and power levels. This is satisfied for typical doped fibers that have
a dopant radius less than the core radius. Background loss is also neglected. This is usually valid for
three-level svstems where the absorption by the rare earth ions is typically much greater than other
losses. However, background loss can be significant for distributed amplifiers and at the signal
wavelength in four-level systems. The effect of background loss on transmission measurements is
discussed in Section 3.6.

This chapter is organized as follows. Section 2 provides a brief summary of the spectroscopic
properties of the common rare earth ion dopants. Section 3 gives the fiber amplifier theory for two-,

three-, and four-level ions, beginning with the rate equations in Section 3.1. A solution to the rate



equations is then given in terms of transmission parameters in Section 3.2. Section 3.3 has a
discussion of the physical meaning of the transmission parameters and Section 3.4 lists some
expressions used to describe amplifier and laser performance. Corrections to the model for cases
where ESA or distributed loss are significant are given in Sections 3.5 and 3.6, respectively. The
fiber laser theory is derived in Section 4 using the formulas for fiber gain given in Section 3. The
laser solution proccdurc is outlined in Section 4.1 and the solutions are discussed in Section 4.2. In
Section 5 the theory is compared to previously published results. Experimental verification is

presented in Section 6 and conclusions are given in Section 7.

I1.2. Spectroscopic Properties of Rare-Earth Ions
This section reviews the spectral properties of Er'*~, Tm™-, and Yb**-doped silica glass. and
Nd*- and Pr**-doped fluoride glass. Devices based on other dopants are reviewed in Ref. [2]. Figures
II.1a and II.1b show simplified models of the energy levels of three- and four-level ions and their
decay times. The levels are numbered in a particular manner that allows one set of rate equations
to he used for both systems. Figure I.1c shows the special case of Pr™, which contains two
intermediate levels between the upper and lower lasing levels, Table II.1 lists the absorption and
cmission cross sections and decay times for the five ions. Depending on the codopants and dopant
concentration, cross sections and decay times can vary substantially from host to host.
Rare-carth-ion optical transitions occur within an inner orbital. Since the electrons are shielded
from external perturbations by the outer orbital, the optical transitions are mainly host independent.
The host does affect the fine structure of the absorption and emission spectra, the non-radiative decay
rates, and the relative strengths of radiative and non-radiative transitions. Two important host
properties are the surrounding field it imposes on the rare-earth ion and its phonon energy which
affects the non-radiative decay rates. Because SiO. molecules have a lower mass than fluoride glass
molecules, silica glass has a larger phonon energy (1150 em™ ¢f. 590 cm™). Consequently, non-
radiative decay of rare-carth ions in silica is faster since it requires fewer phonons. Many rare-earth
optical transitions are therefore observed in doped fluoride glasses, but not in silica glasses, because
the non-radiative phonon assisted transitions are slowed to the point that the competing optical
transitions dominate. This is the reason why fluoride glass is better for Pr’*-doped fiber amplifiers.

The reduced non-radiative transition rate in low-phonon energy doped glass results in a high radiative
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quantum efficicncy. However, it also slows the decay from the pump level to the metastable level,
thus limiting the pumping efficiency. Therefore, rare-earth-ion optical transistions in fluoride glass
have a higher quantum efficiency and lower pumping efficiency than the corresponding transitions
in silica glass. Silica fibers have the added advantage that their fabrication is a well established
technology. Efficient lasers with both types of fibers have been demonstrated [2].

Erbium is modeled with a three-level system (Fig. II.1a). It can amplify signals between 1520
and 1565 nm. [t is pumped at 515, 532, 650, 807, 980, or 1480 nm with the latter two wavelengths
being favoured since they are free of ESA. At 1480 nm, pumping is directly to the upper sub-levels
of the metastable manifold. Progress in EDFAs has successfully stimulated research into high-power
luser diodes at 980 and 1480 nm. Continuous wave powers as high as 180 mW at 1.48 um with a
GalnAsP diode [45] and 240 mW at 980 nm from a InGaAs/AlGaAs single quantum well laser have
been demonstrated [46]).

Neodymium is modeled with a four-level system (Fig. I.1b). It is pumped at 800 nm to
amplify light at 1060 and 1340 nm. Unfortunately, signal ESA prevents efficient amplification at
1310 nm. Also, it has a stronger competing emission at 1060 nm. At 1320 nm, gain of about 10 dB
has been achieved with Nd*-doped fluoride fiber amplifiers [18).

Prascodymium-doped fluorozirconate fiber can amplify signals between 1280 and 1360 am.
ft is pumped at 1007 am directly into upper sub-levels of the broad metastable manifold. Pr* is
treated as a special case of a four-level system. Its behaviour is also complicated by the presence of
two intermediate levels between the metastable level and terminal level, as shown in Fig. Il.lc.

Thulium is modeled with a three-level system at longer signal wavelengths and with a four-level
system at shorter signal \;vavelengths. This is because its terminal laser level is only slightly
populated at room temperature. It is pumped at 780 nm and amplifies signals from 1.7 to 2.1 pm.

Ytterbium is often used as an activator for energy transfer to another ion, because of its broad
absorption around 950 nm. All optical transitions are between two Stark split multiplets. In silica
glass it has two absorption peaks centered at 910 and 974 nm and two emission peaks centered at
974 and 1036 nm with potential lasing from 980 to 1160 nm. The short wavelength transition is three
level in nature, being to the bottom of the ground state multiplet, and the long wavelength transition
is quasi four-level in nature, being to the top of the ground state multiplet. Thus, for shorter laser

wavelengths Yb'™ is modeled with a three-level system pumped directly to the metastable level, as
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Ton A (nm) G (pm°) T
980 G‘:‘ = 0.2 t:‘: = 10 ps
E R 1480 Gpu = 0.2 'C_\: < l ns
] G° =0.02
1535 o =04-0.8 .= 10 ms
¢ =04-038
Nd™ 1060 of=1-4 T, = 0.2-0.8 ms
Tw< 10ns
1320 ¢ 5 =0.3-14 T, = 0.2-0.8 ms
T < 10ns
Pr- 1007 oS = 0.02 T.< lns
¢, =004
1320 ¢” =0.06 T.= 10ms
S =007 To= 100 ns
790 G, =03 = 20nps
Tm'™
1920 c =07 T,= 250 ps
c'=0.03
910 ¢, =056 Tp< lns
Yb 974 o' =15 T < lns
‘=35 .= 770 ps
To< lns
1036 of=0.6 T, = 770 ps

Table I1.1. Spectroscopic properties of Er'* [47], Tm’* [48], and Yb'* [49] in silica gluss
and Nd'* [50] and Pr'* in fluoride glass [41].
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for 1480 nm pumping of Er'". For longer laser wavelengths, it is modeled with a four-level system

pumped directly to the metastable level, as for Pr'™.

II.3. Fiber Amplifier Theory
11.3.1 Rate Equations

The rate equations are based on the energy level diagrams in Fig. II.1. The fiber is doped with
Nfr.d.z.t) active ions per urit volume with N(r,¢.z2) ions per unit volume in the ith level at the
given position (£.0.2) and time (). Rate equations are wntten for X, pump beams and K, signal
beams. Unlike the two level theory [42], it is necessary to differentiate between pump and signal
beams (denoted by s and p subscripts, respectively) since they interact with different energy levels.
A signal beam is defined as one that interacts with the metastable level and the terminal lasing level,
and a pump beam is defined as one that interacts with the ground state and the pump level. For direct
pumping to the metastable level. such as for 1480 nm pumping of Er™*, the pump is theoretically
treated as an additional signal beam. Direct pumping to the metastable level for a four-level ion, such
as for 1007 nm pumping of Pr, is a special case treated differently. For clarity, powers are
expressed in photons per second and symbols indicating the time and positional dependencies of
intensities and ion populations are not shown in the rate equations.

Amplification in rare-earth-doped fibers is governed by absorption emission processes

described by the rate equations for two-, three-, and four-level systems [14]:

N =N, =N +N, +N, m
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where 6% 6,.° (6,,". 6,,") denote the emission (absorption) cross section of the signal and the pump
at the wavelength of the &th beam, [, (7,,} denotes the intensity of the kth signal (pump) beam, and

T, denotes the combined radiative and non-radiative decay times from the ith level to the jth level.
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The net decay rates from the pump and metastable levels are denoted by T, and t,. respectively. In
these equations terms proportional to G,,° describe stimulated emission, terms proportional to ©,*
describe stimulated absorption. and terms with 1/7, describe spontancous emission, Four-level svstems
also have the following additional equation:
oN r N, N, N
_a__'. =-Y1, (N'c:,k - N,O':A) - e 21 ()
r ) T

iwl

where 6" denotes the cross section for signal absorption from the lower lasing level in a four-level
system (see Fig. I1.1b). The rate equations (1)-(4) can therefore be used tor two-, three-, or four-level

systems with the following sertings:

Two-level Three-level Four-level
N, =N;=0 N, =0 c. =0
G\.l\‘n‘ = 0 G\.Lu. = 0

The evolution of the power in ¢cach pump and signal beam is given by

aP) -~ At

a_l_.‘ = “p.ﬂ ﬂN.‘GJ"-‘ - “VUGP-" ) ip.idA (5}
aP . [ - Al
a:* = u, ﬂNzchE - NGi, - N,,cu) 1, dA (6)

where «,, is +1 for propagation in the positive z direction and -1 for propagation in the negative
direction. Integration is over the transverse plane extending to infinity and dA = rdrdd in the.
cylindrical coordinate system. Spontaneous emission is included in the theory by the N/t, term in

(3). but amplified spontaneous emission (ASE) is neglected.

I1.3.2 Solution of Rate Equations

For steady state conditions, the time differentials in (2)-(4) can be set to zero. Equations (1)-
(4) are then simplified by performing the transverse integration once only, thus assuming that
transverse dependences are independent of longitudinal position. This simplifies the rate equations

from being given in terms of difficult to measure constants such as the ionic cross sections, dopant
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concentration, and dopant and fiber geometry to being given in terms of directly measurable values
like attenuation coeffictents and saturation powers constants. This simplification is shown using, as
an example, a two- or three-level system with only one signal beam present. For steady state

conditions the rate equation. (3), reduces to

N(r0.2)

-

= I‘(r.t:a.:)[No(r.cb.:)c',‘ - Nz(r.¢.:)6:] (N

Integrating this equation over the transverse plane and dividing by the effective dopant area A, gives

NG P v
-( ) = A( )(No(:)r.uc.‘: - N"(:)r\’o{) (8)
T A N T

2 4

where N, is the ion concentration in the ith energy level averaged over the fiber cross section and

the effective arca of the dopant ions is given by

N(r$.2)dA
- o o

N{0)

For a uniformly-doped fiber with dopant radius b, A, = ©b°. The overlap integral or confinement

factor for the ith level is given by [14]

A | 1Ind2)NIrd<)dA
O bt 0
P,(:)fN,(f.@;)aLA
Integrating the equation for power evolution (6) over the transverse plane yields:
P (z - -
o uPN.L.G, - NI, o) (n

The transverse integration results in the transverse dependence being contained in the power
dependent parameters T, and A_- The resulting equations are given in terms of optical powers which
depend on longitudinal distance z. only, instead of intensities which also depend on transverse
coordinates.

Overlap integrals depend on: (i) the energy level occupied by the ions since the distribution

-19-



is different for each level, (ii) the power since the ion d.op;mt distribution is power dependent, and
(i1} the wavelength since the optical mode profile is wavelength dependent. In principle. the overlap
integrals are also functions of : due to variations in doping level along the fiber and mode coupling
if more than one mode is supported. For a fundamental mode approximated by a Gaussian profile
I(r)=(2P/mw*)exp(-2r-/w’) and a uniformly-doped fiber with dopant radius b, the overlap ot the mode

with the total ion profile N{r.9.z) is given by

(12

In the low-power limit the overlup integral with the fons in the ground state is also given by (12)

[14]. In the low-power limit all excited-state overlap integrals reduce to

s

nmmem=FqL£__ (13

-

-J,:
e

l-¢

A distinction between the confinement factors for the different levels was stated in |14} but the
approximate form (13) for the upper levels has not been given previously. This difference is shown
in Fig. IL.2, which plots F = (I,-I VT, the difference in overlap integrals for the cxcited state
population and the total population in the low power limit. Typically. the fiber dopant radius is less
than or equal to the core radius (bAv < 0.8), so the overlap integral for all levels can be well
approximated by the expression for I, in Table II.2. For b/Av £ 0.8 the integrals also have weak
power dependence [14]. It is thus assumed that overlap integrals are power independent and are equal
to T, for ions in all the energy levels. Overlap integrals for higher modes were discussed in Ref. [S1].
The strong power dependence of the overlap integrals when b > w is the main difficulty in extending
this theory to bulk lasers.

The rate equations in terms of optical power (11) are simplitied by introducing absorption

coetficients and saturation powers. The small-signal absorption coefficient is given by
alh) = T(A)N Gi(h) (14)

and the saturation power constants are defined in Table IL3 in terms of the material constants given

in Table I1.2. The pump efficiency m, specifies what fruction of the total ions excited to the pump
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tevel decays to the metastable level, thus becoming potentially useful for stimulated emission. Ions
with u high pump efficiency are characterized by having 1, close to unity. For a four-level system.
B,- ts the ratio of the number of ions in level 1 to the number in level 2 when only weak pump light
is present (P =0). This factor is found by solving (2) for steady state conditions while I, = 0. B, is
the ratio of the number of ions in the ith excited level to the total number of excited ions. &, = NN,
when only weak pump light is preseat (P =0). For four-level systems pumped directly to the
metastable manifold the values of B, are listed separately. Praseodymium is more complex since it
has two intermediate levels, which allow a competing multiphonon transition from the lasing level
(see Fig. IL.1c on p. 13). Its B, ratios are also listed separately in Table 11.2.

The solution to the rate equations is now given in terms of the attenuation coefficients and
saturation powers. Substituting the integrated form of (5) into (2) gives an equation for N, as a sum
of 9P, ,/0z terms. Substituting this expression and the integrated (6) into (3) gives an equation for N,
as a sum of 9P, ,/0: and 9P, ,/0z terms. These equations are substituted into the integrated forms of

(5) and (6} to give the tinal differential equations for pump and signal beams:

0.5

04
0.3
T

0.2

0.1

1 | |

0 0.2 0.4 0.6 0.8 10 12

b/w

Fig. I1.2. Compurison of the overlap integrals for the excited states and for the ground state.
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o, | «  OP | «_ 9P (15)

. L= un Pii 3 Z —H i - N _u\ 2 - a k
d= MM pRagit Me pfagiw Ve T
IP _ L 9P L opP,
v & - !“‘I P"‘ ‘I ‘-u\J W I _u‘J rdo_ (xx-k ( 16)
dz PR im 9z pSGY I 0z

Solving (15) and (16) for the output powers. P, by integrating from z =0 to z = L, yields:

P.'m - P antf P‘ul - P‘um’
P;:' = P,:'; exp _a’uL - ; - r + - > (17)
L PR Py
( Pin - an Pin - an' ‘
P = P expy - L + ¥ — e — [ 1%
P PSR

where P." (P} is the total power in all input pump (signal) beams and P,™ (P,") is the total power
in all output pump (signal) beams. Intrinsic saturation powers P and the cross saturation powers
P'* are defined in Table IL3.

This is the main result of the fiber amplifier theory. It vields an equation for the output power
of cach pump and signal beam, independent of propagation directions. The equations are coupled
since the output power of any beam depends on the total absorbed signal and pump powers. The
coupled equations can be solved by anry standard root-finding technique. An advantage of this
formalism is that output pump and signal powers are expressed in terms of directly measurable
quantitics. Knowledge of cross sections, fiber geometry, and decay times is not required.

P"™ and o, can be found from one-beam transmission measurements at the pump (i=p) and
signal (i=y) wavelengths, in which the transmission T, is measured as a function of the input power
P/ for a fiber of length L. The measurements are fit by a non-linear least-squares procedure (such

as the Levenberg-Marquardt method) to the following transcendental equation:
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L

with &, and P’ as fit parameters. The cross saturation coefficient P, (P,%) is found from a
two-heam transmission measurement in which the pump (signal) transmission ts measured as a
function of the input signal (pump) power. The measurements are fit to (17) with P, as a fitted
parameter and to (18) with P, as a fitted parameter, using the P,”* from the one-beam measurements.
Since a four-level ion has no ground state absorption at the signal wavelength (&,=0). £.” is found
by measuring the signal transmission as a function of the input signal power with constant pump
light present. The results are fit to (18) with P’ as a fitted parameter. Also. if the fiber emission and
absorption spectra are known, the parameters measured at one wavelength can be scaled to other
wavelengths. If an ion has high pumping efficiency (n,=1) and fast decay from the pump and
terminal lasing levels (By = 1. Pr = 0, Bja = 0. T, = 0) then P, = P,” and P,”° = P”, rendering the
cross saturation measurements unnecessary. For example, Er** has M, = I and B, = 1 for 980 nm
pumping. In the transmission measurements the output power is first measured, and then the input
power is determined by either tuning the light source out of the absorption band or by using a cut-
back techniyue. Table 113 and (14) relate rare carth ion cross sections and level lifetimes to
absorption coefficients and saturation powers. This introduces a new technique for measuring
unknown spectroscopic properties from fiber transmission measurements in cases where some

properties are known [48].

11.3.3 Physical Meaning of Saturation Parameters

An inspection of the equations for output powers, (17) and (18), reveals the following: A
large &, P, and P,% are favoured to maximize the absorbed pump power. The parameter
characterizing the transfer of energy from the absorbed pump power to the signal is P, Gain
increases as this parameter decreases. Therefore, as expected, ions are favoured which have a large
6, N,. and T,. For a two-level system the saturation coefficients all have the same form since all
interactions are between the same two energy levels. Saturation coefficients have different forms for
three- and four-level systems since different beams interact with different energy levels. However,
PP= P for most ions, because lifetimes of the pump and lower lasing levels are short compared

to the metastable level lifetime. All saturation powers have an inverse dependence on T, since
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saturation occurs at lower powers for slower upper-level decay. For a two-level system, saturation
occurs at fower powers for higher 6" and 6, because of the increased absorption and stimulated
emission rates.

P.® (P characterizes how signal (pump) absorption is saturated by pump light. In three-
and four-level systems, pump light does not interact with the metastable level. Because of this, £,
and P have T, weighted by n,. which accouats for the number of pumped ions reaching the
metastable level. The By, term in the numerator of P,” and P accounts for the relative population
of the metastable level. In these saturation powers the emission cross sections are also weighted by
B, where i = 3 for P,” and i = 2 for P,*. This accounts for the fact that in three- and four-level
systems, unlike two-level systems, not all excited ions are available for stimulited emission, For P*°
in a four-level system the sign of 6*" is negative and is weighted by B, (or B, for systems pumped
to the metastable level). When there is strong signal absorption from level | to level 2, fewer excited
ions return to the ground state. As a result, fewer ions are available to interact with the pump light,
thus diminishing the saturating effect of the pump light. Gain is prevented by saturation of the
terminal laser level unless B,, < 65/,

PR (P ') characterizes how signal (pump) absorption is saturated by signal light. 2" is the
same for two- and three-level systems since the signal light does not interact with the pump level,
For a four-level system, absorption is from the lower lasing level so that 6" is weighted by T,/T,,
which accounts for the weak signal absorption due to the (low) population of the lower lasing level.
As this factor increases, the population of the lower lasing level increases and P increases. Since
a signal does not interact with the pump level, it indirectly saturates the pump absorption by
depleting the ground state. Therefore, 6,° is not present in £,%, unless the signal interacts with the
pump level as in direct metastable level pumping. In P, for a four-level system G,” is weighted by
1+T)/Ta Of 1/Bs.- Bys- T,/Ty,. This accounts for the finite population of the lower lasing level. If /Ty,
is large. then level | can be significantly populated. Since the tons do not return to the ground state,
they are not available to absorb the pump light. Therefore, as the population of level 1 increases P,
increases.

The saturation powers for a three-level system reduce to those of a two-level system as the
energy gup between the pump and metastable levels approaches zero (, —1, B,—1. and 8, —1).

However, P,“* for a three-level system does not approach P,” for u two-level system, since a signal
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beam in a three-level system by definition (Section IIIA) never interacts with the pump level.
Reduction from a four-level system to a three-level system only occurs for the pump parameters PP’S

and P,"*, which do not contain absorption from the lower lusing level.

I1.3.4 Useful Expressions

In this scction, some system independent parameters that are useful in modelling fiber
amplifiers and lasers when only one pump beam and one signal beam are present are defined. For
notational simplicity the k indices are omitted. Solving the differential equations for P (z) >>P (z),

vields the small signal gain coefficient

| 9P (2) } P n(:)apppfs
P dz csfp is -
~ Pe," - )

¥

) = -a 20)

As the pump power approaches infinity, the gain approaches the maximum fiber gain G,,, =

eXP(Ypunl): G 18 given in Table 1.2 in terms of ¢, and ¢ and the saturation power ratio 9. also

HHNLL
defined in Table 113, For a two-level system the expression for the maximum gain reduces to that
aiven in [52].

For the two-level system approximation, the gain coefficient when multiple beams are present is

atven by

KK,
A = s %K p - % e
oy, i
& ph

!

For the three- and four- level systems the multiple beam gain coefficient expressions are quite
lengthy and are therefore not given here. When only one pump and one signal beam are present a
single transcendental equation for the signal gain can be obtained. Expressions are first obtained from
the signal equation, (18). for the absorbed and output pump powers. Substituting these into the pump

equation. (17). vields
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This equation is valid for any system and is reduced to the two-level system equation in Ret. |52
by setting P, = PP and P = PR
The fiber length that maximizes the gain, L .. can be found by selving (17) and (18) while

setting the output pump power to the threshold power P,,"".

It l.
P = .
&, | (23
o P‘.CS Pp.l'b

This is the pump power at which the small signal gain coefficient at the fiber output cquals zero,
found by setting ¥(L,,,.A) = 0 in (20). The amplifier length that maximizes the signal-to-noise ratio
iy less thun the length that maximizes the gain, because of the extra noise gencrated in the low gain
end of the fiber [33]. For a four-level system the gain increases with fiber length to a limi

determined by the buckground loss and ASE.

11.3.5 Excited State Absorption
In this section an approximate solutions are given for fiber amplifiers with excited state absorption
(ESA). ESA occurs when an ion in the metastable level is promoted to a higher energy level by
absorbing either a pump or signal photon. An ion in the excited state returns to the metastable or
ground level through phonon interactions and spontaneous cmission so that ESA results in an
effective loss. This occurs, for example, at the 514, 655, and 810 nm Er'* pump wavelengths and at
the 1320 nm Nd™ signal wavelength. The energy level diagram for a three-level ion with ESA is
shown in Fig. IL.3. The inclusion of ESA leads to differential equations that can only be solved
numerically [54]. However. approximate closed form solutions can be obtained for certain cases.
Pump and signal ESA for two- three-, and four-level systems are considered. In all cases it
is assumed that (i) decay from the ESA level is to the metastable level only ( 1/t = 0) and that (ii}
decay from the ESA level is rapid so that the upper state is negligibly populated. The latter

assumption is valid for moderate power levels only, ie. T, << T,P/PF where
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Fig. 1.3 Enerey level diagram for a three-level svstem with excited state absorption.

P! = A,/ 6 and 6™ is the pump (i=p) or signal (i=s) ESA cross section.

With these assumptions the original differential equaiions, (1) to (6). are modified by adding
a term equal to -V.6,"* within the parentheses of the right-hand side of (5) for pump ESA. or (6)
for signal ESA [54]. Solving the differential equations, (1)-(6). using the procedure outlined in

Section IILC. tor pump ESA vields

¥t
"o :J‘SP IS P n "'P .uur ‘,4
Pp.ml = Ppm ! sr;s ﬂ’S exp.{ _apL - - (— )
ol i
PI' had gr' PP L Pf’-m(Pp)
"o -_-_CSP cs P in -P ot "3
14, ad A ...D
P™ = P"| ."CS | expj-oL + —— (25)
L -
P - ESP, ~ PEo(P)

where 2 S =P BYp IS =2 G5 p BSMPCS 454 the pump-power-dependent signal saturation powers are
=1l P R P N P p-p P g
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given by:

PP - p)

P;»(.-L:\'.t(P,.) = AU {20
eS8 cs CNppy I8
S A A 7 U AV A
‘ pitp s L p
PliuP,) = e - p) 2n
1] - ‘\w 3 .n .-.
g« Pl - PSP )

As expected. when the ESA cross section approaches zero (S—ee), (24) and (25) agree with (17) and
(18) and P, ;," and P, ™ upproach £,% and P respectively.

Since these parameters depend on the pump power. a closed form solution does not exist
unless the P - P™ terms can be neglected. This occurs, for example, during pump transmission

measurements. Then (24) reduces to the expression derived by Digonnet [37]. If the P - P™ terms

are significunt, an approximate solution exists for weak ESA (& 5P.% 5> P ). where A%, and P ™.
= Sp Id P plSA v BN

can be approximated by their values for 6,°* = 0. For example, consider an EDFA pumped at 815
nm. the optimum pump wavelength within the 800 nm band for silica fiber [33]. A fiber with NA

= 0.2, core diameter 2a = 3 pm, 25 = 1.5 pm. and 6, = .03 pm® has $ PP, = 4 mW. Since 1ypical
input pump power at this wavelength is about 30 mW, pumping at 810 nm is usually in the strong
ESA regime. Therefore. (24) and (25) are only useful in this regime for calculating the small signal
gain and finding the optimum pump wavelength.

Efficient 800 nm pumping of Er'" depends strongly on the pump wavelength, The ideal pump
wavelength for 2 particular fiber occurs where ¢,' - 6,°* has 2 maximum. The expression for the
pump transmission in the absence of signal light, (24), gives a simple method for finding the
maximum of ¢,* - 6,”* and the ratio &.* by pump trunsmission measurements. At low input pump
power the transmission is equal to 7, = exp(-.,L) and at high input pump power the transmission
is equal to T,,,, = exp(-c, L/ ™). The ideal pump wavelength can be found by finding the wavelength
for which the change in pump transmission, AT = T, /T, i$ maximized. This figure shows that
as the relative strength of the ESA increases (5,°—0), the maximum transmission decreases.

Figure 1.4 shows how the pump transmission depends on the ratio of aborption and ESA cross

sections. &, can also be measured since &,® = In(7,,, An(T,,). Thus, the optimum pump wavelength
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can be found with only one tunable laser. This technique is simpler and requires less equipment than

pump/probe measurements that require two light sources at the pump wavelength {56].

Equations (24)-(27) describe the solution in the presence of pump ESA. The solution for

signal ESA is aiven by

P et = P "t

-y

|
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Fig. 114, Effect of excited state absorption on pump transmission measurements.

-31-



. ERL ESAa I8 = 8 o8 . . : :
where 5% = PSYPE L5 = PPYP . and the power dependent pump saturation powers are given

by
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I11.3.6. Distributed Loss

In this section corrections to the doped fiber transmission measurements are given for fibers
experiencing significant background loss. Background loss in a fiber amplifier or laser is usually
negligibly small compared to absorption coefficients and discrete losses. The excess loss may be
significant however for lightlv-doped fibers. for losses at the signal wavelength of a four-level ion,
for wavelengths far from absorption maxima. and for wavelengths beyond the low-loss region of the
host glass. For example. in the 2 pm signal wavelength region a Tm'™-doped silica fiber can have
background loss as high as 70 dB/km. If the pump and signal beams have loss per unit length equal
to ¢, and ¢,. respectively. then the differential equations are adjusted by adding -¢,P, to the right-
hand side of (3} and -¢,P, to the right-hand side of (6). These coupled differential equations do not
have a closed form expression. A solution does exist, however. when only one beam is present,
which is the case during transmission measurements. Then the output power is found by solving

1 fy,

P (1 -Ct./q')P‘“ ‘ (12)
P« (1-atlg)pP"

P oer_ P ure RUEUNTA

i L

This solution approaches that given by (17) and (18) as the losses approach zero (g, — 0). By fitting
(32) to transmission curves. background loss can be found. If background loss is significant, then

device modelling must be done numerically [57].



I1.4. Fiber Laser Theory
I14.1. General Procedure

Ring uand lincar lasers are now modelled in terms of the attenuation coefficients and saturation
powers. Simple analytical expressions, which can be differentiated to optimize the laser design, are
derived for the slopes and thresholds of fiber lasers. The fiber amplifer gain equations (17) and (18)
have the same form for the various ionic systems so that the laser model is system independent.
Typical linear and ring fiber lasers are shown in Fig. IL5. A linear fiber laser with one single-pass
pump beam is discussed, although the model can be extended to more general cases. The linear laser
is assumed to huve two counterpropagating signal beams at the laser wavelength and the ring laser
is assumed to contain an optical isolator so that it has one unidirectional signal beam at the signal
wavelength. The output power of linear lasers will be derived first and then the results for ring lasers
will be listed. It can be quite difficult to measure fiber-to-mirror coupling losses, so experimental
agreement for ring lasers is usually better than for linear lasers.

The output power of the fiber laser is found by applving the expressions for the output signal
power (18) and absorbed pump power (17) through one cavity round trip (including losses at
intracavity elements and at the mirrors and/or output couplers) and setting the net round trip gain
equal to unity. Eliminating the absorbed pump power from the coupled equations (17) and (18)
allows derivation of a single equation for the output signal power in terms of the input pump power.

For the linear laser shown in Fig. 11.5a. the left-hand mirror has a reflectivity R, and the right-
hand mirror has a reflectivity R, at the lasing wavelength. Both mirrors are transparent at the pump
wavelength so that the pump has only one pass through the fiber. Results are given in terms of P,
the pump light input to the doped tiber. Discrete loss elements with single-pass transmissions of €,
and g, are located between the doped fiber ends and the mirrors. These losses account for intracavity
components such as tuning elements and the fiber-to-mirror coupling loss. At any point in the fiber
there is pump light propagating to the right and a laser light standing wave that is a superposition
of right and left propagating laser light. The output laser power is given by

P =(l - R)eP™ (32)

laty

where P™ is the power at the fiber lasing wavelength out from the right end of the doped fiber.

Tuking the signat wavelength to be the lasing wavelength. (18) is applied through one round trip of
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the laser cavity, asssuming that power at the lasing wavelength is conserved. This gives

: P 2P 3
P = &€R*P exp] -20L ~ _T_ - (33)
PCS P 15

where R = R,R. € = 8., P is the pump power absorbed in its single pass through the fiber. and
P is the power absorbed at the lasing wavelength in the fiber. P is negative since the fiber is
generating power at the lastng wavelength. Referring to Fig. I1.3a, the signal power absorbed in the

fiber is given by

P = (eR, - )P - (iR, -1)P
= (ggR_: - 1) - (eth - l):-:iﬁa‘2 exp) oL - i: == [}J:C’ i

From (18). tor the single pass of the pump light one gets an expression for the absorbed pump

power:

Pub\ Ptuh‘ o
Pl:h‘ - P.,,m P - exp -GPL - F’S - - (35)
PE P

Taking the logarithm of (33) gives another expression for the absorbed pump power

we _ pCs P (36)
P = POaL - — - In(eR)
Substituting this expression for P into (34) yields
P = ~T P (37)

where T, is the effective output transmission given in Table I1.2. P is negative since light is being
generated at the laser wavelength, Substituting (36) and (37) into (35) results in a transcendental

equation for P.™" in terms of P,™: -
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This nonlinear equation is linearized by recogrizing that, except for very high powers £,™, the
argument of the exponential is approximately zero for three- and four-level lasers (see the following
discussion). For two-level lasers the exponential argument always equals zero.

Simplifving {38} with this approximation and using {32) yiclds a lincar equation for the fiber

laser output power in watts,

P, =n(p" - P (39)

which defines the slope efficiency 7 and pump power threshold £, given in Table 14, The
expressions in Table IL.4 for the ring laser shown in Fig. I1.5b are similarly derived by assuming that
the laser power is conserved through one cavity round trip.The fiber laser linear output equation (39)
ts derived by assuming that the argument of the exponeatial in (38) is small so that it can be set to
zero. This is a valid assumption for moderate power levels since for P = P* and P> = P,'" the
exponential argument is approximately zero. However, the argument can be significant tor large
values of P, In that case. the exponential term gives a correction for the finite lifetime of the pump
level which saturates the laser output at high pump powers. This effect is predicted by a numerical
solution of the nonlinear equation (38). This effect is not predicted by the two-level model, which
assumes infinitely rapid decay from the pump level. The power at which the laser begins to saturate
increases as the three- and four-level systems approach the two-level system, i.c., as T,,~0 and
T,0—>0. As an example, consider a 125 ppm ring EDFL pumped at 980 nm with » = 1.15 pm, NA
=03 m. € = 0.2, and x = 0.57 (see Fig. 2 of Ref. [43]). Fizure [1.6 shews, as a function of pump
power, the output power calculated using the linear approximation (39), and calculated using the
nonlinear equation (38). As shown in the figure, saturation is smaller for the longer fiber. It is also
reduced for a larger core diameter or for a higher dd;ﬁant concentration. Since slope saturation
increases as the pump level lifetime increases, it can also be reduced by pumping directly to the
metastable level. For a properly designed laser, this saturation is not observed since pump level
saturation is only significant for fiber lengths much shorter than the optimum length. Therefore, the

linear solution, (39). can be taken as exact for all practical cases.
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Table I1.4. Fiber laser slope efficiencies and threshold powers. Laser output power is given by

P, = n(P"-P".
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Fig. I1.6. Linear and exuct solution to laser outpur power for a ring EDFL. The exact solution
saturates at high power.
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11.4.2 Solutions

Table TI.4 lists expressions for the slopes and thresholds of a linear and ring. In the expressions
for slope the two loss terms are distinct which means that fiber laser performance depends on the
placement of the loss element with respect to the output coupler. The fiber laser CXPressions
presented in Table IL4 are system independent since they are functions of only the measured
attenuation coefficients and saturation powers.

For laser design optimization the expressions from Table 114 can be differentiated to tind the
optimum tiber length and output coupling coetficient for a given fiber and input pump power. If the
wavelength dependence of o, and P are known. then the lasing wavelength can also be predicted.
For any fiber laser the fiber must be lenger than the length at which the maximum round trip 2ain
equals the round trip losses, i.e.. where G, = 1/ex for a ring laser. The minimum length L, is found
by setting the slope expressions in Table I1.4 equal to zero. For a ring laser the minimum length is

given by

~Inlex)
me - —(x_'—— (.J{))
' - o

5 [y
The expression is the same for a linear laser except that K is replaced by R. Since the maximum gain
increases with length, the slope increases as the length increases. approaching the quantum efficiency
for a lossless cavity. As the length increases, the threshold of a three-level fiber laser also increases.

Therefore, a three-level fiber laser has an optimum length (for a given wavelength) L

ot

that
maximizes the laser output power. It is obtained by differentiating the expression for the laser output

power with respect to L and putting the result equal to zero. For a ring laser it is given by

P
e, - oo Pfsa‘(arc)ﬁ

N A (41)

Again, the expression is the same for a linear laser except that « is replaced by R. A four-level laser
is optimized with the fiber length at which most of the pump power is absorbed. Beyond that length,
background loss can diminish the laser performance. For a given fiber length, a transcendental

equation can be obtained for the optimum output coupler reflectivity. This question was discussed
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in Ref. [58] for a two-level system and will not be addressed here.

Some tnsight into the variation in lasing wavelength with fiber length can be gained from the
expressions for threshold power [38]. Lasing occurs at the wavelength at which the threshold is
minimum. If G, >>1. then the expressions for the pump threshold in Table I1.4 depend mainly on
the numerator, which involves a tradeoff between the P and [eL - In(ex)] terms. At short fiber
lengths, the P term dominates so that lasing occurs where £, is a minimum, i.e., close to the gain
peak. As the fiber length increases the oL term grows, driving the wavelength to regions where ¢,
is smaller. i.c.. ut longer wavelengths. At longer lengths there is a region of low population inversion
at the output end of the fiber that reabsorbs signal light, preferentially at shorter wavelengths. Thus,
longer three-level fiber lasers without tuning elements tend to favour iasing at longer wavelengths.
For example, EDFLs tend to lase at 1.56 um where the absorption is low, not at 1.53 um where the
cmission is strongest. Similarly, lasing occurs at longer wavelengths when the cavity losses are high
[59]. Cavity losses can therefore be minimized by minimizing the lasing wavelength. For four-level
fiber lasers, o is zero, so the lasing wavelength does not vary as much with fiber length. A four-
level laser will tend to lase near the gain peak. independent of the fiber length, since this is where

P'Y is mintmum and G,,,, is maximum.

IL5 Comparison with Existing Models

The results of this work will now be compared to the literature. In 1988 Digonnet and Gaeta [51]
published an analysis of four-level fiber amplifiers and lasers, neglecting saturation of the pump
absorption. In 1990 this analysis was extended to the three-level system [37] and the effects of pump
saturation and pump ESA were also included. Their analysis assumes unity pump quantum efficiency
(M, = D) and instantancous decay from the pump level to the metastable level (B;, = 0) and from the
terminal lasing level to the ground level (B,. = 0 and T, = 0). Equation (17) is the same as their
expression for the single-pass small-signal gain except that they neglect the P - P term. They
also derived expressions for the slope and threshold. Their expressions for the threshold and slope
of a linear laser with R,=1. and a small round trip loss are the same as those in Table 1.4 ifg, = 1,
&R, = I. G,,.* = 0. and their round trip loss parameter is set equal to 1 - £,°R..

Saleh et al. [42] derived analytic equations for the gain of a two-level system that Pfeiffer and

Bulow [32] used to derive expressions for the maximum gain, and the gain as a function of the input
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powers. The results of this work are the same for a two-level system. In a subscquent paper Pteifter
and Bulow [43] gave expressions for the threshold and slope of a two-level ring laser with mntracavity
loss. The two-level laser model in Table IL.4 agrees with their results.

Nielsen et al. {40] gave a two-level graphical method. requiring knowledge of the cross sections,
for finding the slope. threshold. and wavelength of a linear EDFL with no intracavity losses. Table
1.4 agrees with their results when R, = 1, and g, = & =1. Mignon and Desurvire [39] gave an
analytical two-level model for a linear EDFL that results in two coupled equations which must be
solved numerically. With some approximations, they derive an expression for the slope of a laser
with R, = | and no losses (g, = &, =1) that agrees with Table IL4. Chen ct al. [38] derived the
threshold pump power, but not the slope, of a linear EDFL. The threshold pump power given in
Table I1.4 agrees with their threshold after considerable rearrangement.

Urquhart [41] presented an analytical model for a Pr™*-doped fiber amplifier (PDFA) which
includes the intermediate levels. Rearranging his transcendental gain equation ((8) in [41]) and
identifying terms results in (22) except that he sets all overlap integrals to unity (I, = 1). Therctore,

results here written in terms of the saturation powers agree with his PDFA model.

I1.6 Experiment

The theory was compared to experimental results for an Er'-doped-fiber amplifier, an Er'*-
doped-fiber ring laser. and a Tm*-doped-fiber linear laser. The two-level approximation of the three-
level model was used in deriving the theoretical curves, ie., it was assumed that P,"“=2" und
PSS = P, The parameters o, and P, were determined by transmission measurements at the pump
and signal wavelengths. Two different tunable Ti:Sapphire lasers were used for the pump
transmission measurements. one centred at 790 nm for the Tm™ ion absorption band, and one centred
at 980 nm for the Er'* ion absorption band. Up to 100 mW of the pump power was coupled into the
fibers by a long focal length lens (f=30 cm) followed by a short focal length lens (f=5 mm) lens. The
Er'**-doped fiber has a cutoff wavelength of 925 nm, and an erbium concentration of about 340 ppm.
Transmission experiments at the signal wavelengths were done with the Tm**-doped fiber laser
described below and the Q-switched Er*-doped fiber laser described in Section IV.2 operating in CW
mode. The Tm™-doped fiber has a core diameter of 5 pm, a cutoff wavelength of 1.32 pm, and a

thulium concentration of 250 ppm.
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The Levenberg-Marquardt nonlinear optimization procedure was used to fit the theoretical
transmission curve (19) to experimental points of the fiber transmission at pump and signal
wavelengths. Fig. 1.7 shows fits for three different pieces of Tm™-doped fiber at the 792 nm pump
wavelength, Small differences in ¢, and P, can be explained by the observed inhomogeneity in the
fiber outside diamter along its length, which implies local variation in N, b, and I". The measured
parameters for both fibers are summarized in Table IL.5.

The gain of an EDFA as a function of 975 nm pump power was measured for 1542 and 1525
nm signals, -10 and -20 dBm input signal powers, and 10, 7 and 4 m long Er**-doped fibers. The
EDFA was pumped by a 975 nm laser diode which delivered up to 16 mW into the erbium fiber.
In fitting the model to the experiment the pump parameters were adjusted to account for the increase
in wavelength of the pump laser diode from 967 nm at low power to 975 nm at maximum power.
Table I1.6 lists the maximum gain obtained for each fiber with 16 mW of pump power. The
measured gain and theoretical curves from (17) and (18) are shown in Fig. II.8 for the 1542 nm
signal gain in a 10 m fiber. Similar agreement between the theory and experiment were obtained for

the other signal wavelengths and fiber lengths.
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Fig. I1.7. Transmission measurements with fitted curves for Tr'*-doped fiber.
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Unidirectional ring lasers, as in Fig. IL.5b, were made with the three picces of Er'*-doped tiber
and a variable directional coupler. The measured output powers and theoretical curves from (39) are
shown in Fig. I1.9 for the 10 m and 7 m fibers with different coupling ratios K. As expected from
the discussion in Section IL4.2, the laser wavelength indicated in Fig. 119 increased with &, The
theoretical curves are not perfectly linear because of the variation in pump wavelength with power,

For all Er™-doped fiber devices reasonable agreement between theory and experiment was obtained.

Table I1.5. Measured attenuation coefficients and saturation powers of erbium- and thulium-doped

Sibers.
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Erbium i
A (nm) o (mh hvP® (mW)
967 1.50 1.50
970 1.29 1.29
975 0.85 0.85
980 0.73 0.73
1525 1.32 0.16
1532 1.33 0.18
15343 0.72 0.22
1535 0.57 0.30
1557.8 0.50 0.32
1558.6 0.47 0.31
1560 0.45 0.32
1561 0.40 0.36
Thulium
A (nm) o (m”) hvP® (mW)
792 4.3 23
1920 0.1 20
L = 1 - 1 =




Gain (dB)

Pump power (dBm)

Fig. 1.8, Measured and theoretical gain at 1542 nm of a 10 m EDFA.

Small discrepuncies were probably caused by inaccuracy in measuring the pump coupling loss,
imperfect calibration of the power meters, and the broad spectral distribution of the pump.

A linear Tm'*-doped-fiber laser (Fig. II.5a) was also modeled with the measured saturation
powers and absorption coefficients. The Ti:sapphire laser pumping beam at 792 nm was launched
into the thulium fiber through a diclectric mirror with a 4 mm focal-length aspheric lens. The input
mirror and various output couplers were butted directly to the fiber. The input mirror had reflectivity
>99.5% from 1700-2100 nm and transmission > 90% at 792 nm, and the output couplers had
transmission of 5%, 13%. 26%. and 72%. For a 2.1 m fiber and 26% transmission output coupler
the threshold was 36 mW and the slope was 30% (corresponding to 75% quantum efficiency). A
higher slope of 35% (over 85% quantum efficiency) was measured for a shorter 1.6 m fiber and 72%
transmission output coupler. The observed threshold, however, increased to 70 mW. The lasing
wavelength runged from 1.92 to 1.96 pm, depending on the fiber length and the output coupler
transmission. From Section I1.4.2. this behaviour is expected since the wavelength of a fiber laser

based on a three-level system depends strongly on the fiber length and cavity losses.
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The determined saturation powers and absorption coefficients were used to model the Tm™-
fiber laser characteristics for different fiber lengths (1.0, 1.6 and 2.1 m) and different transmissions
of the output coupler (5%. 13%. 26%. and 72%). In all cases the calculated slope and threshold
agreed within 20% of the measured values. Differences between the measurements and theory
probably resulted from the large uncertainty in measuring the fiber-to-mirror coupling losses. The
ring laser was easier to model since the losses could be directly measured.

For the Tm"-doped fiber, cross sections at the pump and signal wavelengths, as wetl as the
average concentration, were derived from the expressions for the absorption coefticients and three-
level saturation powers assuming that Ty, = T; and B,.6,° < ,*. Transmission measurements :ire thus
useful to determine the total ion concentration when cross sections. which vary with fiber

composition, are unknown [48].

Fiber —SlgT I[nput Gain (dB)
length (m) wavelength (nm) power (dBm)

42 1525 -20 1 13
4.2 1525 -10 I
4.2 1542 -20 12
4.2 1542 -10 11
7 1525 _—-20__—22
7 1525 -10 17
7 1542 -20 20
7 1542 -10 16
10 1525- -20 25
10 1525 -10 19
10 1542 -20 23
10 1542 __-_10 17

Table I1.6. Measured EDFA gain for 16 mW of pump power at 975 nm.,
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IL.7 Conclusions

This analytical fiber amplifier and laser model is applicable to two-, three-. and four-level
ions such as Er~. Nd™, Yb™, Tm™, and Pr™. New results include formulas for the gain and optimum
length of fiber amplifiers and the slope. threshold. and minimum and optimum lengths of ring and
linear fiber lasers. Fiber amplifier gain is expressed in terms of attenuation coefticients. intrinsic
saturation powers, and cross saturation powers at the pump and signal wavelengths. These parameters
can be directly found from one- and two-beam fiber transmission measurements without requiring
knowledge of fiber dimensions. ionic cross sections, and decay times. The previous two-level model
[42]. [43] is a special case of this theory in which a three-level ion is pumped directly 1o the
metastable level. In that case the intrinsic and cross saturation powers are equal. In the presented
three- and four-level system theory, the introduced cross saturation power coefficient is not equal to
the intrinsic saturation power coefficient, since pump and signal beams interact with different ionic
energy levels. The fiber length maximizing the amplifier gain is found by solving the resultant
amplifier equations while constraining the output pump power to be cqual to the threshold pump
power.

Approximate solutions for all systems with ESA at cither the pump or signal wavelengths are
given for fiber amplifiers. The solutions assume rapid decay trom the ESA level and are valid for
pump (signal) ESA when signal (pump) power is low or when the ESA cross section is small. A
novel technique. requiring only one tunable light source, is described for finding the best pump
wavelength when pump ESA is present.

System-independent formulas based on the attenuation coefficients and saturation powers are
also given for the slope and threshold of ring and linear fiber lasers, with intracavity losses. This
result simplifies fiber laser design by predicting the optimum values of variables such as fiber length
and output coupling ratio. The theory also predicts how pump-level saturation leads to saturation of
three- and four-level fiber lasers with shorter than optimum fiber lengths. This result is particularly
important in relation to the recently introduced high power pump diodes. The amplifier and laser
model compares well with previously published results. It has been verified experimentally for an
EDFA, EDFL. and a Tm™-doped fiber laser.
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Chapter III

Modelling EDFA Amplified Spontaneous Emission

III.1 Introduction

In the previous chapter amplified spontaneous emission (ASE) was neglected in the solution of
the rate equations. As discussed this is valid for fiber lasers above threshold and for fiber amplifiers
if the gatn s less than 20 dB or the input signal power is greater than -20 dBm. However, an EDFA
used as o preamplifier typically has greater than 20 dB gain and less than -20 dBm input signal
power. In this application the EDFA significantly increases the receiver sensitivity by increasing the
signal level to render the receiver thermal noise insignificant {60], [61]. The improvement in receiver
sensitivity 18 less than the amplifier gain due to ASE noise [61]. In this chapter the amplifier model
is refined to include the cffects of ASE. The EDFA is modeled with the rate equations for the
population levels and pump. signal. and noise powers using a two-level approximation. Numerically
integrating the equations over the ASE bandwidth and the fiber length gives the signal gain and ASE
oulput power,

This chapter is organized as follows. The absorption and emission cross sections of erbium.
which govern the ASE spectrum, are described in Section 2. Modeling the generation of ASE is then
described in Section 3. The ASE model is used to describe the fiber amplifier noise figure and
signal-to-noise ratio (SNR) in Section 4. Expenimental results are presented in Section 5 and

conclusions are given in Section 6.

II1.2 Absorption and Emission Cross Sections of Erbium

The ASE spectrum can be described in terms of effective absorption and emission ¢ross sections
defined in Chapter [I. A detailed energy level diagram for Er*™ in silica is shown in Fig. IIL 1. Energy
levels are identified by the spectroscopic nomenclature **'L, where L is the azimuthal quantum
number proportional to the ion orbital angular momentum. S is the resultant electron spin vector, and
J is the inner quantum number proportional to the ion total angular momentum [62). In rare-earth-

doped glass the surrounding field causes a Stark splitting of the J manifolds into a maximum of
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J+1/2 devels as shown for the two bottom levels in Fig. II1.1. Neighbouring ions experiencs different
field distributions in the amorphous glass which produces inhomogeneous broadening of the energv
levels. However, phonon coupling causes homogeneous broadening which dominates at room
temperature [63], [64]. Thus, the emission and absorption resonances are quite broad and differ from
one glass host i another. Broadened energy levels are advantageous since thev are insensitive to
small changes in the pump and signal wavelengths. Stark splitting also allows 1480 nm pumping of
Er'™* directly from the bottom of the ground level to the top of the metastable level.

The cross sections depend on the energy values of all the components of the upper and lower
fevels, the inhomogencous and homogencous linewidths, and the relative strengths of the possible
transitions. Because of the number of components in each level the cross sections can only be
measured experimentally. For example, the lasing transition involves an upper level with seven
components and a lower level with eight components and thus fifty-six possible transitions.
Traditional Einstein analysis, which uses a two-level approximation, vields the Fuchtbauer-Ladenburg

relationship for the cross sections [63]:

(Mn)g (V) (43)

Giv) = —
8wt

where 7 is the refractive index. T is the spontaneous lifetime. and the lineshape function. g(v). is the
normalized vulue of the absorption or emission spectrum at frequency, v. For the two level model,
the absorption and emission cross sections must be equal. For EDFA's this is not the case, as
tllustrated by the spectra for the */,q, - *I,y, transition in Fig. IIL.2. From Beltzmann theory. the

relative population of two levels separated by energy AE. at temperature T is given by [65]:

N, ;
.I_:. = ex (-A_E} (44)
N, N

where 4 is Boltzmann's constant. Thus the lower components of the J-manifolds are more heavily
populated. Therefore. as shown in Fig. IIL.1. absorption is stronger from the bottom of the Len
manifold and emission is stronger from the bottom of the */,,, manifold. This explains why the
absorption spectrum is shifted to higher energies (shorter wavelengths) as shown in Fig. II1.2

An alternative to Einstein’s analysis is McCumber's theory which uses the concept of a

temperature dependent excitation energy to give the ratio of the two cross sections at any frequency
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Fig H1.2. Absorption and emission spectra of the Er'™ 1,1, . transition in silica fiber.

[66].[67]. With some assumptions about the energy levels this method can predict, with good
accuracy, the emissicn cross section from the absorption cross section and the radiative lifetime, but
it can not predict a priori either cross section.

Recall from the previous chapter that the absorption of pump radiation produces a population
inversion (AV = N, - N, > 0) which decreases in the direction of pump propagation. The signal and
spontancous emission are then amplified by stimulated emission from the population inversion

according to:

dPiv.2)

-
[

= (V.2)P(V.2) (43

where

1(v.2) = (Ny(z)o (v) - NG (vl (46)
Thus. amplification occurs when 7v,z)>0 and absorption occurs when 1(v.z)<0.
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Fig. I11.3. Population inversion and gain vs length of an EDFA.

The number of ions in the metastable level as a fraction of the total number of ions. V.. and the
2ain in the forward and reverse directions with respect to the pump are shown for a tvpical fiber
amplifier in Fig. 113, For this example the fiber has a 3.2 pm core radius, 0.32 numerical aperture,
2.2X10™ em' Er'™ ion density (100 ppm). signal and pump wavelengths of 1536 nm and 980 nm,
and 20 mW of pump power. In the forward direction the gain first increases exponentially along the
fiber and then levels off as the population inversion decreases. The gain reaches 2 maximum when
N.c. = NG, (vy=0) and thereafter decreases due to reabsorption of the signal. In the reverse
direction, the signal is first absorbed until Y = O and then it increases along the fiber. To maximize
the gain, the tiber length should be chosen so that ¥ =0 at the end opposite the pump. In the

example of Fig. [11.3 the optimum length is 15.6 meters.

II1.3 Amplified Spontaneous Emission
A pumped Er'*-doped fiber continuously releases some of its stored energy in the form of
amplified spontancous emission. A uniformly-doped core section of pumped fiber, shown in

Fig. 1IL.4, with length dz, area A = & and N, ions/volume in the metastable level spontaneously
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Fig. lll4. Isotropic spontaneous emission in pumped erbium doped fiber.

emits N,g (V)JAVAJZ/T photons per second within the bandwidth Av, centered at v. As shown,
spontaneous emission occurs isotropically so only a fruction J€/4r of the photons are guided by the

tiber. with numerical aperture NA, in either direction where the acceptance solid angle is given by:

dQ = m(NA) (47}
Using the gaussian beam approximation:
NA = P (48)
nxr

and (43) gives the guided spontaneous emission power added by the section per unit frequency:

dS (V.2
_"Ed(_)dv = 2N,(2)G (V) hvdv (49)

Ssef0.2) 1s the spectral density of the spontaneous emission noise at frequency v and position =, From
(46).

{50)

where g(v) = G (v)/G.(v). This gives



dSg(v.2)

— = 2n_(v2)y(V)Avdv (5D

The spontaneous emission factor, n, is defined as:

N(z -
n(vz) = ) (52)
? N,(2) = N (Q)E(V)

The signal light and the ASE power from the other fiber sections propagates through the fiber section

so the total power at frequency v leaving the section is given by
dP(v.z=d2) = Y(v.3) | PVi3) = Sye(v.2)dv = 2n (v)hvdv | dz (53)

The first term on the right of (53) gives the signal amplification, the second term gives the
amplification of the spontaneous emission entering the fiber section and the third term gives the

spontancous radiation generated within the section. This differential equation is solved with the ..

integrating factor cx{ f{(v "z ] to give the total output power {rom a fiber length of L within
i}

a frequency band du centred at frequency v :

ile]
P (v.L) = G(v.L)hv __(_)._(_).d, - P(vOYG(v.L)
G(v.2) - (54)
= S, o (V.L)dv - P(v.L)
where the gain is given by
z -
G(v,z) = exp ﬁr(v.:’)d:' (33)
0
By integrating over frequency one gets the total ASE output power:
-2)C, =
Pl = fG(v L)lvf E0 e (56)

’*)
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Fig. lIL.5. ASE in an erbium doped fiber vs length.

For the same example fiber as in Fig. II1.3 the ASE powers in the forward and reverse directions
are shown in Fig. lIL5. As shown in this figure, forward pumping produces less ASE noise at the
amplifier output. This result can be understood by examining the effect of reversing the order of
integration in (54). Most of the reverse spontaneous emission is amplified in the fiber section near
the pump input which has the largest population inversion and hence greatest amplification. Most
of the forward spontaneous emission is not amplified in this section of the fiber and thus has a lower
net amplification.

If the population inversion is constant along the fiber,
S,sev.L) = 2n (V.L(GIV.L) - 1)hv (57)
Thus. it is useful to define an integrated spontaneous emission factor (68), given by

SASE{V'L)

(58)
2lG(v.L) - 1]av

n(v.L) =

The dependence of n,, on gain can be illustrated by its behaviour for the case of uniform population
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inversion. In this case

nvly = L GuV.D) ) (59)
L I~ &(v) | G#(v.L)

where G, (v.L) = exp(TNV,G,"(v)L) is the maximum possible small signal gain and g(v)= G 5(v)/G(V).
As the gain increases to its maximum value, nsp decreases from infinity to unity.

As indicated in (57), the spontaneous emission factor can be thought of as a proportionality
factor betweeen the noise power and signal power. Therefore, the signal-to-noise ratio (SNR) is
maximized when the gain is maximized. In physical terms, the energy stored by the pump in the
doped fiber is released as either signal or noise, so that increasing the output signal power by
increasing the input signal power results in less ASE noise being generated. Also, there is a
minimum input signal power required to prevent the output signal power from being lower than the
output ASE noise power. Spontaneous emission power and bandwidth also depend on the pump
power. This is demonstrated in the experimental section, Section HL5. ASE is important because it
can deplete the amplifier gain. especially for weak input signals. It also produces noise at the optical

receiver. This is the subject of the next section.

IIL.4 Fiber Amplifier Signal-to-Noise Ratio
HI1.4.1 Derivation of Noise Terms

The EDFA signal-to-noise ratio (SNR) and the detection error of an EDFA preamplifier are now
discussed. There are several methods of calculating the amplifier noise figure which yield similar
results but vary in derivational accuracy. The output of the amplifier can be treated as a superposition
of the signal and white Gaussian noise [61]. This method does not account for the ASE spectral
shape and only includes shot noise as an afterthought. The master equation approximation calculates
the noise figure for a two level system without considering the length dependence of n,, [69]. The
present approach. taken from quantum optics, examines the photon number statistics [70]. This
method accounts for shot noise, the ASE spectral dependence, and can calculate the length
dependence of the SNR. The detection error probability is found by calculating P(#n), the probability
of n photons arriving at the detector within the bit period, T.

For coherent light such as that from a laser far above threshold the average photon flux P/hv
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is constant but the actual photon emission times are random. Assuming that photon cmissions are
independent, the photon emission is a Poisson process with the probability that » photons are emitted

in time T given by [70]:

—n e
)

n e
P(n) = (o
n!

where n, = PT/hv is the average number of photons in time T in the incident. coherent signal beam,
The first two moments of this distirbution are <n> = n:-;md o, = n:

In contrast to coherent light. thermal or chaotic light such as that from the ASE noise from an
EDFA does not emit photons at a constant average rate. In this case Mandel's Formula for

conditional Poisson counting:

P(n) = ("”""") = [£ P ©1)
n! > n!

must be used to calculate the probability distribution. Here, the fluctuations in the mean photon
number u are described by the probability density funciton P(p). An amplifier without an input signal
emits ASE which can be resolved into tvo orthogonal phase components, The mean photon number
distribution of the wideband ASE noise can therefore be approximated as the sum of two
independent, squared, zero-mean, gaussian random variables with equal variances. The sum has an
exponential or central %.° distribution {71]:

P(u) = : ex

-_H (62)
(PASE) (”,v..we)

where W, IS the mean number of ASE photons in time T. When substituted into (61), this gives

O

Pln) = asl
(l * (“ASE))

{63)

which is a geometric or Bose-Einstein distribution. Its first two moments are <n> = <p, > and
G, = <Uase> + <M,e>>. This variance is greater than that of coherent light, indicating that it has a

greater range of fluctuations of the photon number. For a fiber amplifier, the ASE noise is emitted
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in two orthogonal polarizations. The two components are independent random variables so that the
net variance is 6,7 = 2<p, > + 2<u,:> where <. > is the mean number of ASE photons in one
polarization.

The output noise of an amplifier with an input signal is now examined. The amplified signal and
ASE from an EDFA can be treated as a polarized superposition of thermal and coherent light. In this
case the intenstty is a sum of two independent, squared, non-zero mean. gaussian random variables
with equal variances, with mean photon number distribution [71]:

.,xp-“”?' IO?-r?,u (64)
(l",\ss) (Hss) (“,\ss)

where /, is the modified Bessel function. This is a Rician square or non-central %" distribution. Its

P(p) =

first two moments are <p> = <p, > + 0, and of = <> + 2n.<p, o> Substituting this into (61)
aives

P(n) = (Hase) ™ L|- __'?‘l(“ ase) (63)

— CXP| - .
(l - (l-‘,.tss)) 1 L~ (p:\s-‘:') I+ <I-l,‘s£>

which has moments <n> = n + <P, > and G,” = N+ < ge> + <Mase> + 20,<Uase> The unpolarized
ASE noise is ecqually divided between two independent polarization components, parallel and
orthogonal to the signal. The component orthogonal to the signal does not interfere with the signal

and thus has the variance of the geometric distribution. The net variance is thus given by

b

G, =n - 2 * 2(“455)2 M 2’-'-..(“Ase>

(66)

= cu\:-\h * G\p-n’: - c\p-\p - c:a:-\p

where <p > Is the mean number of noise photons in ‘one polarization. The four terms in (66) from
lett to right are attributed to signal shot noise, ASE shot noise, spontaneous-spontaneous beat noise
and signal-spontaneous beat noise. From the previous section <p, > is calculated by integrating the
ASE noise spectral density over the amplifier bandwidth. We assume that the ASE is equally divided

between the two polarization so that the noise terms are given by
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e hv,
Givon = 271 S’;;‘;(:)dv = 2T A (G-DAv,,
(67Y
..., = 27Tn; S;;(:)]d\ = 2TIAG - 1Yav,
&, = ’-’-Tn.;i:-“"G,.f, J’S.ase(‘;if‘v-v‘):!v = 2Tn A (v (G(v) —n)P‘;:f""

In these equations the net gain at the signal wavelength, G,,,, is n,1,G where 1, and 1, are the
amplifier input and output coupling efficiencies, P is the signal input power, f,, 1s the integrated
spontaneous emission factor at the peak of the ASE spectral distribution, G is the gain at the peak

of the ASE spectral distribution, the ASE bandwidth is given by

~

J‘S.\.'-‘F.(V)dv
Av = 1}

ASE -
ASE

(68)

where $,; is the peak value of S.se{v) and the spontaneous-spontancous beat notse bandwidth is

given by [68]:

2

SrlSE CN

av,., = [ (69)
5

II1.4.2 Amplifier Noise Figure
The EDFA noise figure is defined as the ratio of the input SNR to the output SNR:

NF = [nput SNR - G (70)
Output SNR G2

where ¢, and G,,° are the net input and output variances [72]. The input light at the amplifter,

assumed coherent, has a SNR given by:
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P"T
Input SNR = n (70

-

From (66)-(71) the amplifier noise figure is thus given by:

I

1 fse\zsz(v),!v - SASE(VJ)

I
NF = - S V)V + —
Gm_' P_‘m'f]‘sz ASE ] P,"'fl,-:Gz hv T]iGh\!

(72)

b 2n, HVAV o, . 2(::\:,)-’“, hv | 2:?_‘P(v‘)|'G_1

Gnr.r reruﬂP\ ni - anﬂ nr I. G

where

nl =i |G 21 (73)

5 G(V‘)

For the sumple fiber of Figs. 111.3 and 1115, the relative values of the four noise terms are shown in
Fig. lI1.6 tor an optical bandwidth of 5 nm.

Signal-spontaneous beat noise is typically dominant with a high input power and spontaneous-
spontaneous beat noise is dominant with a low input power. The spontaneous-spontaneous beat noise
and spontaneous shot noise are proportional to the optical bandwidth. Hence, these noises may be
reduced by inserting an optical notch filter after the optical amplifier as shown in Fig. 1.2. Typically,
an interference film and/or fiber Fabry-Perot filter is used {60). The minimum possible bandwidth
of the optical filter is determined from the laser linewidth, data rate, and transmission format, as well
as the long term stability of the laser wavelength. Signal-spontaneous beat noise is the dominant
noise when the output signal power is greater than the output ASE power which occurs when the
received number of photons per bit is greater than the ratio of the optical bandwidth to the bit rate.

In the signal-spontancous beat noise limited regime, with high gain and negligible coupling

losses. the noise figure of the optical preamplifier approaches a theoretical limit of [72]:

-

G:J -
(VF."N = —""__ = 2’1’ (74)

E) . - - by
c:m-nh(rn) G-
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Fig. IlL.6. Relative values of EDFA noise terms.

Since n,, 2 1. an EDFA has a minimum noise figure of 3 dB. This is derived by assuming that the
input signal is shot noise limited and the output noise is signal-spontancous beat noise limited. The
noise figure is directly proportional to the amplifier input coupling cfficiency which is typically
greater than -1 dB for an EDFA, but less than -3 dB for 2 semiconductor optical amplifier.

The purpose of an optical preamplifier is to raise the signal level above the detector circuit noise.
The circuit noise is included in the calculations by adding the detector noise term (6/M,)FT 10 the
variance where G is the detector noise density. ¢ is the electron charge and 7, is the detector
quantum efficiency. Fig. [I1.7 shows, for the amplifier in Figs. III. 3, 1IL.5, and 1.6, the evolution
of the inverse noise figure (proportional to the output SNR), calculated by neglecting tie detector
circuit noise and by including a typical detector noise density of 10 A*Hz [73]. When detector
noise is not considered, the amplifier function is not obvious since it reduces the SNR. However,
when the circuit noise is considered, one sees that amplifier increzses the SNR at the receiver by
about 20 dB.

A comparison of Figs. II.7 and III.3 shows that the fiber length that maximizes the amplifier

SNR. 9.6 meters. is shorter than the length that optimizes the gain, [5.4 meters. At the end of an

-60-



] 1 120
0.9 1/NF with circuit noise ) 100
0.8 g
0.7 {8 2

L6 5

Sos 160 £

(]
0.4 | ] =
03 1/NF 40 Z

[N
0.2 1 20 g
0.1 T
0 : . . . : 0

G 2 4 6 8 10 12 14 16 18 20
Fiber length (m)

Fig. IIl.7. Inverse EDFA noise figure including detector noise.

EDFA that maximizes the gain, the ditferential gain is zero while noise is still being added so the
length that maximizes the SNR is always shorter than the length that maximizes the gain. However,
Fig. IL.7 indicates that the noise degradation is not severe since the noise figure is almost constant
for lengths greater than 8 m. Taking the derivative of the SNR with fiber length gives a formula for
the length that maximizes SNR. If the signal-spontaneous beat noise is assumed dominant then the
optimum length satisfies:

-

o, | 5
n (VDP(L) = |—=| hv (73)
e
¢
This is the first expression that gives an analytical approximation for the fiber length optimizing
the SNR at the receiver. It can be used with the two-level EDFA model in Chapter I to find the
optimum length as follows. First. the powers along the amplifier Pfz) and P (z} can be found from

{17) and (18). These are substituted into (21) to obtain yz.v,). This is substituted into [53]:

PPz
AT . 76
N(L) = = [{(vl‘.L) oz_'] (76)

eff
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to get N.(z). which is then substituted into (52) to give n{v.z). Then the point along the fiber is
found where n (v .2)P (2) equals the right-hand side of (75). If the effect of spontancous-spontaneous
beat noise is included in the derivation of optimum length, an expression results for the optimum
length that must be solved numerically. For our example, (75) estimates the optimum amplitier length
at 9.3 meters which is very close to 9.6 meters, the value tound by the exact solution.

To calculate the bit error probability at the receiver, the error probability when a "1” is received
is calculated differently than when a 0" is received since when no signal is present, signal shot noise
and signal-spontancous beat noise are not present. Typically the ASE power is assumed equal for the

two cases even though it depends on the signal power. Neglecting the detector noise vields

X3

P(e|OFF sent) = Z-: <p.4ss> _ = (1.1 '\-"'E> 7
Aol (I - (l-',.ws)) | + (!'1.4.3‘1;‘)
and
-] ] - - / | \ ‘
P(e|ON sent) = 3 ) —CXp| - T n‘/",pmi (78)

where ¢ is the decision threshold. These expressions may be gencralized by including the detector
noise [71] and simplified with a Gaussian approximation [74]. Note that, since the ASE power level
depends on the input signal power, <p, > depends on the signal level. Optical preamplifier receiver
error probabilities have been studied by various researchers and will not be discussed further [61].
(691, [71]. [741.

IIL.5 Experiments

The top of Fig. II1.8 shows the ASE spectrum of the 7 meter EDFA described in Section 116 for
different pump powers. The ASE and spontaneous-spontaneous bandwidths, calculated from Egs. (59)
and (69) respectively, are shown in the bottom of Fig. III.8. As mentioned above, the noise
bandwidth decreases as the gain increases. The top of Fig. I11.9 shows the EDFA output spectra with
a -20 dBm input signal at 1542 nm. The input signal reduces the output ASE noise, as more
amplifier energy is transferred to the signal. The bottom of Fig. I11.9 shows how an optical bandpass

filter after the amplifier changes the spectrum. A tunable diclectric bandpass filter with a 3 dB
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bandwidth of about 2 nm was inserted after the amplifier and tuned to the signal wavelength. The
output power ts decreased by about 1 dB by the filter insertion loss. and the ASE level is decreased

by about 25 JB. This shows how optical filtering can reduce the ASE noise at the receiver.

II1.6 Summary

In this chapter, expressions are given for the ASE power of an EDFA, its bandwidth, and the
spontaneous cmission factor. As the gain increases, n,, decreases to unity. the ASE bandwidih
decreases, and the noise figure approaches 3 dB. Because of ASE. the EDFA preamplifier fiber
length that optimizes the receiver SNR is significantly shorter than the length that optimizes the
amplifier gain. However, since the SNR is insensitive to the fiber length, the gain maximizing length
has 2 SNR only slightly lower than the optimum. Optical filtering can greatly reduce the ASE power,
resulting in signal-spontancous beat noise limited detection. In this limit, a simple expression is given
for the optimum fiber length. The receiver error probability depends on the signal power. receiver

noise. ASE noise power and bandwidth. and bit rate.
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Chapter IV

EDFA Transient Response and Remote Gain Switching

IV.1 Introduction

In this chapter time-dependence is incorporated in the EDFA model to study the effect of rapidly
saturating the amplifier gain with high-power optical pulses within the amplifier bandwidth.
Preliminary experiments in our laboratory demonstrated that high-power nanosecond optical pulses
can deplete the EDFA gain by over 20 dB within the nanosccond pulse duration. This result is
contrary to intuitive expectations in that the amplifier response is not limited by its millisecond
upper-level decay time. The study of this phenomenom is useful for two reasons. First, it improves
our understanding of EDFA gain dynamics. This is important for WDM applications where variations
in a strong signal can cause fluctuations in weaker signals. The gain depletion also has potential
application as an all-optical switch.

All-optical EDFA switching eliminates lossy, bandwidth-limited optical/electronic conversion
while incorporating the switching and gain functions in a single clement. Another advantage s that
switching cun be controlled remotely at great distunces since the switching is initiated by 1.55 pm
optical pulses. Nanosecond EDFA switching has many potential applications such as filtering WDM
signals, multiplexing and demultiplexing TDM signals. packet switching, network routing, and
network testir 2. Both SOA and EDFA based switches can have an extremely high dynamic range
since strong gain in a pumped amplifier becomes strong absorption in an unpumped amplificr. One
advantage of the SOA over the EDFA is its fast switching. By modulating the SOA bias current,
nanosecond guin switching has been demonstrated [75].

It was previously thought that similar fast switching of EDFA’s was impossible due to the
millisecond spontaneous decay time of the Er'” ion metastable level. Therefore, suggested uses of
the EDFA as un all-optical switching element have been limited to applications requiring slow or
“static” switching such as a 1.55 pm filter for multiplexed 1.3/1.55 pm signals. This technique uses
pump power modulation to provide switching. In this case the ON switching time from absorption
to amplification is limited by the pump rise time, pump power, and the non-radiative decay time of

the ion from the pump level to the metastable level. For pump wavelengths other than 1480 nm, the
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non-radiative phonon decay from the pump level to the metastable level is limited by the *I, -*/,5
transition which is about 7 ps (Fig. ITIL1) [76]. Short. intense pump pulses are most readily available
from the second harmonic of a Q-switched Nd: YAG laser (532 nm). Thus the present possible pump
ON-switching time is = 7 us_ with 2 physical limit of less than | ns for 1.48 pm pumping. When the
pump laser is turned off, the ions in the metastable energy level decay to the ground state by
spontancous cmission with a time constant of = 10 ms. Fast OFF switching thus requires an
alternative to pump switching.

It kas been suggested that OFF switching could be achieved by saturating the amplifier with light
within the zain bandwidth using opticul feedback [77]. Zirngibl demonstrated 26 dB small signal gain
compression in an EDFA with an optical feedback loop operating at the saturating wavelength.
Applying the saturating signal initialized lasing in the fiber amplifier through the optical feedback
loop with 2 build-up time of 10-50 ms. Measurements of the multichannel small-signal gain
saturation showed characteristic saturation and recovery times of 0.1-1 ms [78]. Recent experiments
in our luboratory showed that a single pass through the amplifier by a short pulse within the
amplifier gain bandwidth can rapidly saturate the amplifier. caustng over 20 dB gain suppression with
a4 30 nx switching ume [79]. A rapid increase in the rate of stimulated emission near (but not at) the
signal wavelength reduces the population inversion sufficiently to cause high-speed gain compression
in the amplitier. This is essentially an extreme case of cross-talk in which the energy supplied by
the switching pulse depletes the pumped or stored energy of the amplifier orders of magnitude more
quickly than those mechanisms suggested to date. It was found that increasing the pulse power
increased the gain compression and decreasing the pulse duration decreased the switching time. Since
the switching mechanism is stimulated emission. it is limited only by the rise time of the saturating
pulse and not by the long spontaneous emission lifetime.

To date. saturating pulse switching has not been accurately modelled theoretically. An analytical
solution of transient gain saturation exists [81]. but it only gives the change in population inversion
at the fiber tnput end. In this chapter the first model that simulates fast EDFA switching with pump
and signal pulses is presented. After comparing theoretical and experimental results, the dependence
of saturation OFF switching on factors such as pump and signal power; fiber length: and puise
energy and duration is studied. Switching is then described in terms of the effect of the saturating

pulse on the energy stored in the erbium fiber. The conditions for optimum switching and the
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required minimum switching pulse energy are then determined. Fast ON switching using pump pulses
is also investigated. The theory predicts that with a short. high-cneray pump puise. fast ON switching
is possible. with switching times limited only by the pump level lifetime.

The practicality of remotely switching is then experimentally and theoretically investigated.
Remote all-optical switching of signals from a mode-locked erbium-doped fiber laser is then

demonstrated over fibers up to 50 km long.

IV.2 Initial Experiments

In the experiments a 25.5 m long EDFA was pumped with =30 mW at 980 nm using a
Ti:Sapphire laser {81]. The gain was 30 dB using a 5 pW input signal from a 13540 nm DFB laser
diode, modulated at 180 MHz. Saturating pulses were generated by a 350 Hz Q-switched erbium-
doped fiber laser with peak pulse power = 1 W and pulse duration of 10-150 ns [34]. The measured
gain compression vs pulse energy is shown in Fig. IV.1 for 40 and 150 ns pulses. Observed

switching times were slightly less than the pulse FWHM. After switching, the gain recovered to its
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Fig. IV.l, Experimental and theoretical gain compression for 5 uW input signal at [ 340 nm.
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original value in 3 ms with 30 mW pumping, and in 1 ms with 45 mW pumping.

IV.3 Transient Theory Applied to EDFA Switching

EDFA dynamic behaviour is modeled with four differential equations describing the pump,
signal. and pulse evolution along the fiber and population inversion change with time, assuming a
two-level system (78] (see Section [1.3.1). The equations are integrated by the fourth order
Runge-Kutta method using alternating spatial and temporal steps. Initial CW conditions are derived
using a full spectral model to account for the amplified spontaneous emission (ASE) in both
directions [63]. The model uses experimentally determined absorption coefficients and intrinsic
saturation powers at the three input wavelengths and published absorption and emission
cross-sections for the ASE calculations [47]. The theory predicts 33 dB CW gain for a 5 pW signal
at the DFB wavelength (1540 nm). All simulations are done for 30 mW pump power at the doped
fiber input. Measured gain was lower (30 dB for 2 40 mW pump) due to coupling losses and fiber
imperfections, indicated by variations in measured absorption coefficients for different fiber sections.

Time dependence of signal and pulse power at the output is determined by integrating the

10

Output signal power (mW)

4 FWHM = 100 ns
2}
0 A . . o N 2
0 20 40 60 80 100 120 140

Time after pulse peak enters fiber (ns)

Fig. IV.2. Theoretical owtput signal vs time for different 20 uf pulse durations. Pump power is 30
mW, signal power is 5 yW, gain is 33 dB. and gain compression is 16 dB.,
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equations, neglecting ASE during switching. Fig. IV.1 shows predicted and measured gain
compression for 40 ns and 150 ns gaussian pulses. Slight differences with experiment can be due to
fiber defects and approximate estimates of: fiber parameters, coupling losses, and cross-sections. The
change in output signal with time is shown in Fig. [V.2 for 20 nJ pulses with duration of 100 ps to
160 ns. The time coordinate begins when the pulse peak cnters the fiber. (Transit time through the
25.5 m fiber is 124 ns.) In all cases the 10%-90% switching time is approximately equal to the pulse
duration, as observed experimentally. Since the gain compression (16 dB) does not vary with pulse
duration the gain compression for the same initial conditions is determined by the input pulse energy.
regardless of pulse duration or peak power. This dependence of switching time on pulse duration,
pump power, and signal power is shown in Fig. IV.3. This figurc shows that 10%-90% switching
time is about equal to the pulse FWHM, regardless of pulse energy. or pump and signal power. The
total time from when the pulse enters the amplifier to 90% gain compression is about equal to the

transit time of the pulse in the fiber. The switch latency can be reduced by using a shorter, highly

100

<D 03]
g o o

Switching time (ns)

N
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0 20 40 60 80 100
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Fig. IV.3. Dependence of 10%-90% switching times on pulse width. Pump and signal powers are:
30 mw/5uW, 45 mW/SuW, and 30 mW/luW.
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Fig. IV.4, Guain cocefficient along the 25.5 m erbium fiber during switching. Arrows indicate the
position of the pulse peak in time for each curve.

doped erbium fiber. Figures [V.2 and [V.3 indicate that sub-nanosecond EDFA gain compression is
possible, with a delay equa! to the propagation time in the doped fiber.

In order to improve our physical understanding of the amplifier switching and recovery dynamics.
we simulated the change in the gain coefficient und the stored energy. The signal gain coefficient
along the fiber is shown in Fig. IV.4 for different times after a 2 W/40 ns pulse enters the fiber.
Arrows indicate the different pulse peak position for each curve. At the output end. the gain
coefficient is constant along the fiber, indicating that the pulse is saturated. Population inversion
depletion and gain coetficient reduction is much higher near the fiber output end than near the input
end because of the large amplification of the pulse.

Gain compression occurs because the pulse extracts energy stored in the doped fiber. The
energy stored in the EDFA vs time after the pulse peak enters the fiber is shown in Fig. IV.5 for two
switching pulse powers. Stored energy is defined here as the total number of ions in the metastable
level multiphied by the signal photon energy. The right y-axis indicates how the gain depends on
stored energy. Transparency at the signal wavelength requires 78.5 pJ stored energy, large because

of the three-level nature of erbium ions. In both cases the energy extracted equals the output pulse
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Fig. IV.5. Energy stored in the fiber during switching. Pump power is 30 mW, signal power is 5 uW,
gain is 33 dB. and gain compression is 11 dB . :d 25 dB for 0.2 W and 2 W prulses,
respectively.

energy which is 10.5 pJ for 2 0.2 W input pulse and 23.5 yJ for a 2 W input pulse. This is explained
by the fact that the energy of the system is conserved and the amount of energy delivered or
extracted by the pump and signal beams during switching (40 ns) is negligible (few nl). As shown
in Fig. V.6, the output pulse shape is skewed towards the front since the pulse front experiences a
larger guin and the pulse rear is absorbed as it approaches the output end. The output pulse peak
appears after 100 ns even though the fiber transit time is 125 ns.

Due to the fixed wavelength of the DFB laser at 1540 nm, switching was far from optimized.
We now discuss how the required switching pulse energy cun be minimized by adjusting the
amplifier length and signal and pulse wavelengths. By varying the fiber length we found that
maximum gain compression occurs at the length which maximizes the switching pulse gain. For this
length the pulse small-signal gain coefficient is zero at the fiber output end. Figure IV.7 shows the
theoretical amplifier small signal gain, gain saturation, and pulse amplification vs the fiber length
for a | W/40 ns saturating pulse. The depression in the gain compression curve at short fiber lengths

indicates that amplification of the pulse at the beginning of the fiber enhunces the gain compression.
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Fig. IV.6. Input and owput pulse shapes for a 1 W/HO0 ns saturating pulse. Pump power is 30 mW,
signal power is 5 uW, gain is 33 dB, and gain compression is 20 dB.

This 18 also indicated by the fuct that gain compression is maximized at the point where the pulse

Zain is maximum.

We found that gain compression also depends strongly on the signal and pulse wavelengths.
Switching is optimised when the pulse wavelength is at the small-signal gain spectrum peak which
1s 1530 nm for our fiber. Switching ts most efficient for signal wavelengths below 1530 nm.
Although in this spectral region the absorption cross-section is greater than the emission
cross-section, the signal is amplified with sufficient population inversion. Very strong signal
absorption occurs when the population inversion falls below the transparency level because of the
larger absorption cross-section. Gain compression vs pulse energy is shown in Fig. IV.8 for a 1520
nm signal and a 1530 nm pulse for different pump and signal powers. As indicated. gain compression
generally increases as pump power increases and input signal power decreases (remaining above ASE
noise level). The optimum length is found by an iterative procedure for each initial condition. For
cuch initial state. curves were derived using 100, 10, 1, and 0. I'V’hs';rp_ﬁlses. These curves overlapped,

indicating that gain switching for given initial conditions depends on pulse energy only. Fig. [V.8
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Fig. IV.7. Gain compression and pulse amplification vs EDFA fiber length. Pump poveer is 30 mW,

signal power is 5 pW, gain is 33 dB, pulse duration is 40 ns, and pulse peak power ix 1 W.
indicates that 10 dB gain compression is possible with pulse energies as low as 10 ], Since ASE is
neglected during switching. the actual minimum required energy should be higher. For signal
wavelength greater than 1530 nm. the optimum signal wavelengths are 1565-1575 nm, just beyond
the gain peak at 1550 nm. In this spectral region there is a smaller difference between absorption and
emission cross-sections (Fig. II1.2) than at 1550 nm which favours gain compression. The model
predicts the gain of a 5 yW, 1565 nm signal pumped by 45 mW can be compressed by 10 dB with
a 10 pJ. 1530 nm pulse.

Combining the saturating pulse and signal in the erbium fiber with a directional coupler causes
both beams to lose power. For efficient switching, the coupling ratio for the saturating pulse should
be high. However, a high coupling ratio for the saturating pulse results in large input signal power
loss. If the amplifier is operated in the saturated regime, which is the case for optimized switching

(Fig. IV.7), this does not reduce the output signal power but it does increase the amplificr noise
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figure. This trade off between efficient use of the switching pulse and signal input coupling loss must
be considercd when this type of switching is implemented. Also, the saturating pulse laser must
generate pulses with energy greater than the required pulse energy by an amount equal to the
switching pulse coupling loss.

The experiment and theory demonstrate that nanosecond gain compression in an EDFA can
be achieved with a short saturating pulse. From this result. the obvious question is whether fast ON
switching can be done with short pump pulses. We now investigate the possibility of gain recovery
acceleration after gain compression. Fig. IV.9 shows theoretical gain recovery after saturation by a
I WAO ns switching pulse. The recovery resembles the experimental results presented in [81]. The
output signal returns to its 10 mW initial value, with a small overshoot, after 2.5 ms of 30 mW
pumping. The model predicts that gain recovery can be accelerated by applying a Gausstan pump
pulse on top of the CW pump. The results are presented in Fig. IV.9 for different pump pulse widths.
[n each case the pump pulse enters the fiber one pump pulse FWHM after the switching pulse exits.

The pump pulse energy is set at 32 pJ to have the same number of photons as the 20 pJ output
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Fig. IV.9. Guin recovery for 30 pJ pumnp pulses. CW pump power is 30 mW, signal poswer is 5 W,
gain is 33 dB, and gain compression is 20 dB from a 1 W/ 40 ns pulse.

switching pulse. In our calculations, because of the underlying CW pump the total energy delivered
to the fiber during the pump pulse increases with pulse width, thus causing a larger overshoot.
Overshoot can be eliminated by adjusting the pump pulse so that the total number of pump photons
delivered equals the extracted number of photons during switching. For 2 3 W pump pulse the model
predicts a 10 ps recovery time, approaching the physical limit set by the 7 ps pump level lifctime.
Nanosecond gﬁin recovery should be possible with a 1480 nm pump pulse since this pump fevel,
being within the same electronic state, has a lifetime much less than one nanosecond. To simplify
the calculations the pump, signal. saturating pulse, and pump pulse were all copropagating. Gain
recovery would be faster and more efficient if the pump pulse entered from the opposite ¢nd of the
fiber where the excited state depletion is greatest (Fig. IV.4). However, as discussed in the next
section the damage threshold of various optical components gives a practical limit for the peak

optical powers.

-76-



Sungonns Vo1 Mot 40f woypanSgfuey pauanaadsiy cop AL Nty
18661
JOJBILOIYD apoIpoioyd ~ 8do0s0])19sQ
-OUO ZH9D ¢ leubrs
N\
196611 |
apoipoioyd 8poipoloyd
laqid '
adoQ 1 N
KI‘I pedogd 3 o wy omm— reseteqiy | K
o1dnog 191dnoy) m payooj-epop |
WU 0564/086 e osst
198E7 {-mrem i —
19se7 19
onyddes:) VD /DA ugo.“_amm
Wu 086 |~ 2 .
N\
19pAiQ

fouenbary &




IV.4 Remote EDFA Switching Experiments

Following the initial EDFA switching experiments and theoretical modelling, measurements
were conducted on remote all-optical nanosecond EDFA switching [82]. The experimental
configuration is shown in Fig. IV.10. The EDFA and tunable Q-switched erbium fiber laser were
described in Section IV.2, An actively mode-locked erbium doped fiber ring laser was used as the
signal. The signal laser and Q-switched laser were synchronized by being driven by the same signal
generator. Optical isolators were used to prevent fiber amplifier ASE from affecting the fiber lasers.
After the EDFA the signal was filtered from the Q-switched pulse by a Czemny-Turner spectrometer
and then detected by an optical spectrum analyzer or a photodiode and oscilloscope.

The mode-locked fiber laser is shown in Fig. IV.11. It used 7 m of the erbium fiber used in

980 nm LD
P..=25mW
|
N g N / . Tunable

P - EDF Filter \
! WDM

1

LiNbO |,
Pol Modulator "‘@
PC ' )
N - 00 A

Var.
Coupler

1525-1565 nm
Pae =1 MW

Fig. IV.11. Experimental configuration of mode-locked erbium fiber ring laser.
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the EDFA. It was wned from 1525 to [565 nm with a rotating thin film dielectric filter and actively
mode-locked with an § GHz lithium niobate intensity modulator. Since the medulator acts on the TE
mode. it was preceded by a fiber polarizer and a fiber loop polarization controtler. Optical tsolators
were used to enforce unidirectional lasing and to attenuate backreflections from the filter and
intensity modulator. The variable fiber coupler was adjusted at each wavelength to maximize the
output power. The laser produced a mode-locked pulse train with about 0.5 ns pulse widths,
repetition rates of 8-250 MHz. and an average power of about | mW.

The high-energy Q-switched pulses caused some optical damage, especially on the connectors.
For the two types of connectors used, FC/PC and APC, the APC connectors were more susceptible
to damage. It is believed that the damage was caused by the Q-switched pulses heating dust on the
connector ends. To avoid this problem, the connectors were replaced by fused fiber splices where
the pulses were most powerful.

During the switching experiments the input switching pulse power was held slightly below

the stimulated Raman scattering threshold described in the next chapter. A measurement of the
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Fig. IV.12. Gain compression after 25 km vs switching pulse wavelength.
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dependence of the switching on the signal and pulse wavelengths showed good agreement with
theory. The gain compression was measured as the two lasers were scanned over their tuning ranges.
As predicted, shorter signal wavelengths improved the gain compression. Therefore, the signal laser
was set at 1527 nm, its shortest wavelength. The dependence on the switching wavelength is shown
tn Fig. IV.12. Gain compression was optimized when the Q-switched laser was operated within the
second EDFA gain peak centred around 1555 nm. The 15 dB gain compression for 0.3 W switching
pulses is an improvement of about 7 dB over the previous experimental results where the signal laser
wius not unable {81].

Remote switching of the mode-locked puise train is shown in Fig. IV.13 for 21 ns. 4.6 W
(0.27 W at ovutput) switching pulses transmitted over 25 km of fiber. The guin compression was 16
dB for 1554 nm switching pulses (top of Fig. IV.13) and 12 dB for 1539 nm switching pulses
{bottom of Fig. IV.13). There was some leakage of the Q-switched pulse through the optical filter
in the bottom graph where the switching wavelength was closer to the signal wavelength. The
measured gain compression, optimized for the lasers used, is shown as a function of distance in Fig.
[V.13. This figure shows that greater than 10 dB gain compression is obtainable for distances up to
30 km.
IV.5 Conclusions

This is the first work demonstrating the feasibility of nanosecond all-optical EDFA switching.
Because of the three level nature of erbium ions, typical 30 dB gain for a pumped fiber can become
over 100 dB attenuation for the same piece of unpumped fiber. The minimum required OFF
switching energy is relatively very low for an all optical switch and is comparable to the lowest
semiconductor ¢lectronic switching energies (see Chapter 21 of [70]). This is expected since the weak
switching pulse is amplified at the beginning of its propagation through the amplifier and acquires
energy from the erbium tons. The strong absorption in the depopulated region near the fiber end can
casily exceed the amplification in the undepleted first part of the amplifier resulting in a high
dynamic range of gain switching. Efficient gain compression, which scales with pulse energy, is
theretore practical with pulses from a diode-pumped Q-switched fiber laser. Switching time is limited
by the saturating pulse duration and can approach the fundamental limit of the metastable level Stark
component refaxation times (<l ps). These results illustrate that the EDFA gain dynamics operate

on a much smaller time scale than previously thought,
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Short, high energy, pump pulses can restore the gain in times limited by the pump level
lifetime. The ON switching pump pulses energy is up to five orders of magnitude greater than that
of the OFF switching pulses. Switching ON time is limited by the pump pulse duration and can
approach the pump level lifetime (<1 ns for 1480 nm pumping. = 7 ps for other pump wavelengths).

As demonstrated, optical switching at 1550 nm can be done remotely from tens of kilometers
because of the very low fiber loss. However, the optical damage threshold places a practical limit
on the peak optical power. Furthermore, the next chapter describes how the transmission of the high-
power pulses required for remote EDFA switching over long distances is limited by stimulated
Raman scattering. These problems caused by the high pulse energy can be reduced by transmitting
lower power switching pulscs and amplifying them in another EDFA located before the amplifier

being switched.
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Fig. IV.I4. Optimized gain compression vs distance.
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Chapter V

Effect of Stimulated Raman Scattering on High-Energy Pulse
Transmission

V.1 Introduction
After successfully demonstrating and modelling all-optical EDFA switching. the practicality

of using this technique for remote switching was investigated. Transmission of the high power pulses
required for switching is limited by several nonlinear effects. For the 1550 am nanosccond pulses
with peak power on the order of ten Watts. the dominant nonlincar effect is stimulated Raman
scattering (SRS) [9] (see section L.1.3). The limitations of transmitting high power optical pulses over
long distances due to SRS is also of interest for other switching applications and applications
involving remote optical powering [83]. For example, with a central power supply the required power
for remote devices such as switches and optical receivers can be transmitted as light over optical
fibers and converted to ¢lectrical energy at remote locations [84].

SRS hus been observed in vartous materials, including optical fiber. However, experimental
work in fibers has been mostly limited to using high power pulsed Nd:YAG lusers operating at 532
or 1060 nm [9]. The research on Raman scattering within the 1550 nm telecommunications window
has concentrated on Raman amplification and the limitations that it imposes on the total number of
channels in dense WDM networks [85]. In the previous rescarch, the Raman interaction involved
amplification of two or more input signal beams. In the type of Raman interaction studied here, there
is only an input pump beam and the signal beam is generated from amplified spontancous Raman

scattering [86].

V.2 Experimental and Theoretical Results

In this section, the experimental measurements of SRS are described. the pulse propagation
is studied with a numerical model. and conclusions are drawn on the limitations of high power pulse
propagation in single-mode optical fibers at 1550 nm. In accordance with the literature, in this

section the switching pulse is denoted as the pump pulse and the Raman generated pulse is denoted

as the Stokes pulse.
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Pulses from the 1550 nm Q-switched erbium doped fiber laser with FWHM = 13 and 1S ns
were launched into 30 km of single-mode fiber. The input peak power was varied up to about 60 W,
The spectral and temporal distributions of the output pulses were monitored at 12 km intervals. Fig.
V.1 shows, for different input powers, the measured output power and spectra for 13 ns FWHM
pulses propagated through 12 km of fiber. For input powers less than about 10 W, the output pulses
resembled the input pulses with the expected attenuation (0.25 dB/km). When the input power is
areater than the threshold (= 10 W) a Stokes pulse trails the pump pulse by 20-30 ns.

A 1550 nm pump pulse in silica optical fibers spontaneously generates Stokes photons with
a broad spectrum (=7 THz) centred at 1650 nm. The Stokes photons guided by the fiber in the
forwards direction are then amplified by SRS. The Raman gain is proportional to the pump power
so there are power and fiber length thresholds. Above threshold, the Raman gain is substantially
stronger than the fiber attenuation at the Stokes wavelength.

The output pump pulse is shorter than the input pulse due to depletion of the rear of the pulse
by the Stokes pulse. The temporal observance of the trailing pulse has associated with it the
appearance of the broad Raman spectrum shown in the bottom of Fig. V.1. The Stokes pulses are
inherently noisy in time and spectrum, since they are generated from a spontaneous process. The
pump and Stokes pulses are separated in ime due to their chromatic group velocity difference. This
separation, or walkoff. increases with input power since the Stokes pulse is generated at an earlier
point in the propagation for greater input powers. And as the input power is increased, the peak
Stokes power increases to a maximum for a 33 W input and then decreases to a plateau for input
powers greater than 43 W. When the input pump power is above threshold, Raman conversion
proceeds until the pump is depleted to the point where it is below threshold. Thus, the output pump
power is fixed at about 8 W, being insensitive to the input power. This illustrates that the output
power 18 limited by SRS. For input powers far above threshold there is 2lso a smearing, in time and
frequency, of the Stokes pulse because of the group velocity variation across the Stokes spectrum.

The measured propagation of 26W/18 ns pulses through 50 km of fiber is shown in Fig. V.2,
Raman conversion is completed within the first 12 km of fiber. Beyond that, the walkoff increases
with distance as the pulses propagate with the attenuation of the Stokes pulse being slightly higher
than the pump pulse. The measured walkoff is about 2.4 ns/km.

The propagation of the pump and Stokes puises are theoretically modeled with the following
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FWHM pulses with indicated input powers.
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coupled equations where subscript p (sf) denotes the pump (Stokes) pulse:

- - Lo B —L - LA =illA R 204 A - 2224 A (81)
a: l'k_P al’ 2[3-0 ar: 2 " WP(I Pl I "’l )AJ" 2{4'”. l,, | .\'.'l P
aA, I aA . ! alffl.,: a.: .o " - gR u ”
= e " gy T e T (A - 24, - A Fa, (82)
-~ (313 - b ef

where Aj (A,) is the complex modal amplitude of the pump (Stokes), normalized to the initial peak
amplitude of the pump (A, is proportional to ‘ka )- In (81) and (82) B, is the second order

dispersion coetficient, ¢ is the absorption coefficient, g, is the Raman gain coefficient, 7 is the fiber
nonlinear coefficient (y = ?.rcn:llpAm,) where 7, is the nonlinear index coefficient, and Ay 1s the

etfective fiber cross section. On the left hand side of (81) and (82) the second term containing the

group velocity v, represents the first order dispersion which describes the pulse walkoff, the third
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term represents the second order dispersion which describes the pulse broadening. and the fourth term
represents the fiber attenuation. On the right hand side the first term represents seltf phase
modulation, the second term represents cross-phase modulation. and the third term represents the
Raman gain which describes the amplification of the Stokes pulse and depletion of the pump pulse.

The coupled differential equations, (S1) and (82), are solved by the split-step Fourier method
(beam propagation method) in which the nonlinear and dispersive effects are assumed to act
independently over each small distance step [9]. Ideally, at cach distance step the spontancous Ramin
generation and Raman amplification should be integrated over the entire Raman bandwidth.
Reasonably good agrccmcnt with theory was obtained however, by assuming that the Raman
generated light is monochromatic and at the peak of the gain spectrum and the Raman gain
coefficient equals the value at the gain peak. These assumptions lead to the simulation predicting
slightly greater Raman conversion than observed experimentally. Furthermore, the number of Stokes
photons spontaneously gencrated along the fiber was approximated by an equivalent Stokes input
power as described in Ref. [87]:

P00 = (83)

~he Af
A, |
Ay Ip -QR L“-

where Af is the Raman bandwidth, 7, is the input pulse peak intensity (P (0)/A,,). and L, is the
walkoff length defined by

(84
1 )

1
V) v Al

where T, is the pulse width (T, = Tpu/1.763 for a sech pulse). This assumption was tested by
simulating a pulse propagation with different equivalent input Stokes powers. Increasing the
equivalent Stokes input power by three orders of magnitude led to only a doubling of the output
Stokes power, thus demonstrating that the model is insensitive to the equivalent Stokes input. The
calculations take A, = 1530 nm, A,, = 1630 nm, ¢, = 0.2 dB/km, &, = 0.8 dB/km, g, = 3.2x10" m/wW
(assurning two orthogonal polarization coefficients), A,, = 75 pm®, n, = 3.2x10%° m¥W, Af = 7 THz,

B., = -21 ps¥/km. B,, = -30 ps*/km, and the group index n, = 1.462. Modelling was done with 1000
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distance steps and 1024 time steps.

Figure V.3 shows theoretically how the pump pulse. Stokes pulse. and resultant evolve in the
fiber for input 33 W/13 ns pulses. After about | km the Stokes pulse is generated in the peak region
of the pump pulse. causing pump depletion. As the two pulses copropagate. the Stokes pulse begins
to lag behind the pump pulse. continually converting energy from the pump pulse. After 2 km
depletion is completed in the section of the pump pulse just behind the peak. As the walkoft
increases, the rear of the Stokes pulse is amplified by the pump tail, creating a second peak in the
Stokes pulse. Depletion of the rear half of the pump pulse is complete after 12 km.

Figure V.4 shows the results of the «imulation for propagation in 12 km of fiber,
corresponding to the measured values in Fig. V.1. The theorctical Raman conversion s shightly
higher than that observed and the pulse shape is slightly different. In agreement with experiment,
depletion induced narrowing of the pump pulse is shown along with saturation of the output pump
power. Experimentally, the wide spectral distribution of the Stokes photons leads to a smoothing of
the Stokes pulse. whereas the model assumption of monochromatic Stokes photons leads to the
peculiar pulse shapes that develop as shown in Fig. V.3. Because of the assumption of
monochromaticity, the theoretical spectrum varies greatly trom the measured spectrum. Although
group velocity dispersion has negligible effect. seltf-phuse modulation causes some  spectrad
broadening of the pump pulses.

The Raman threshold is illustrated by Figs. V.5 and V.6. Figure V.5 shows the theoretical
evolution of the Stokes pulse energy along the fiber for different input pump powers. There is a
distance threshold (minimum length of fiber required for significant Stokes conversion) that decreases
as the input pump power decreases. As a consequence, for a given fiber length there is an input
power threshold (minimum input power for significant Stokes conversion). After the threshold
distance is reached. the Stokes pulse experiences exponential gain with gain coefficient g,P, until
the pump pulse is depleted. The Stokes pulse subsequently decays exponentially. Figure V.6 shows
the corresponding evolution of the pump pulse. The pump pulse decays exponentially until the
threshold distance. As the Stokes pulse is amplified the pump pulse is depleted exponentially with
a larger attenuation coefficient. After pump depletion is completed, the pump pulse again decays
exponentially with the characteristic fiber attenuation coefficient. The middle gruph in Fig. V.6 shows

how the effect of pump depletion on the pump pulse FWHM. This graph illustrates how quickly the
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depletion occurs. The energy curves in the bottom of Fig. V.6 indicate that for a given distance, there
is an optimem input power that maximizes the energy transfer. For the example shown, for fibers
8-12 km long an input pump power of 7 W delivers the most energy. For 7 W input power, the
Stokes pulse energy indicated in Fig. V.5 has not yet reached 2 maximum after 12 km. Hence, the
energy conversion and consequently the pump depletion is incomplete. Therefore, 7 W input pulses
deliver more energy than higher power pulses, since the latter are completely depleted at the output.
This result is further exemplified by the experimental results in Fig. V.7 along with the
corresponding theoretical curves in Fig. V.8. In Fig. V.7 the measured output pump power, FWHM,
an¢ energy for a 12 km fiber are shown as functions of the input power. The peak outputl power
increases as the input power increases until the threshold is reached. Beyond threshold, the output
power is approximately constant. However, the measured energy decreases above threshold because
of the decrease in the FWHM. The experimental energy is defined as peak power times FWHM.
Although this definition is consistent with the literature, it overestimates the pump energy since (i)

typical pulses have an energy less than the peak power times the FWHM and (ii) the pump and
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Stokes energy are indistinguishable at the detector. From the bottom curves of Fig. V.7. there is an
optimum input power or energy for a given pulse width that maximizes the amount of energy
transferred.

This conclusion is well supported by the theeretical results in Fig. V.8. Increasing the input
power yields an increase in the output pump energy until the Raman threshold is reached. Further
increasing the input power results in less output energy because of pump depletion. For higher input
powers the depletion is complete. resulting in constant output energies. The theoretical result for
different fiber lengths is shown in Fig. V.9. For shorter fibers the peak is more pronounced since the
threshold occurs closer to the end of the fiber. Hence, Raman conversion is incomplete for a larger
range of input powers,

The dependence of the maximum energy transfer on pulse duration and fiber length is shown
in Fig. V.10. The curves in this figure were derived by finding, for a given length and pulse duration,
the input power that maximized the output energy. The output power curves in the top of Fig. V.10
show that the optimum output peak power is independent of pulse duration for pulses longer than
| ns. For longer pulses, the optimum input power is just below the SRS threshold, which is
independent of pulse duration. Because of walkoff, pulses shorter than I ns are not tully depleted
by Raman conversion so that higher peak powers can be transmitted. From section 1113, the degree
of gain depletion in EDFA optical switching is determined by the switching pulse encrgy. For a
required switching pulse energy there is a trade-off between the switching time and distance as
illustrated by the optimized output energy curves in the middle of Fig. V.10. For example. if the
remote EDFA requires 20 nJ of energy from a distance of 10 km, then the pulse duration, and herce
switching time are limited to being greater than about 10 ns. More pulse energy can be transmitted
by using longer pulses with peak powers below the Raman threshold. The bottom curves of Fig. V.10

show that the optimum energy transfer is independent of pulse duration.

V.3 Conclusions

This study has demonstrated two important limitations on the transmission of high power
1550 nm pulses over long single-mode fibers. First, the amount of energy or power that can be
delivered within a given time is limited by SRS, regardless of the input power, and second there is

an optimum input power that maximizes the energy delivered. Also, SRS generates a 100 nm red-
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shifted trailing pulse that can interfere with the detection of the input pulse depending on the
application. For the remote EDFA switching application the Stokes pulse has negligible effect since
it is outside of the EDFA bandwidth. To efficiently transmit a given amount of energy, the input
power must be below the SRS threshold. Raman conversion can be avoided by using longer pulses
which limits the switching time. The limitations are of interest not only for remote EDFA switching
but other applications requiring the transmission of high-power 1.55 pm pulses over long distances
such as for optically-powered remote switches [84]. There may be different requirements for
transmitting high energy optical pulses to remote locations such as constraints on the delivered
power, energy. or rise and fall times. For applications which require a certain peak power, SRS can
be avoided by transmitting very short pulses. If a certain energy and rise time is required, the

switching distance is limited or the degree of switching at a certain distance is limited by SRS.
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Chapter VI

Bidirectional Fiber Amplifiers

VI.1 Introduction

Several methods of transmitting signals over optical fibers bidirectionally have been proposed
(88]. [89]. [90]. Conversion of installed unidirectional systems to bidirectional operation can double
the system capacity [91]. Bidirectional systems can operate in full duplex [91] or use time-
compression muitiplexing [92]. Proposed bidirectional systems include those that use wavelength
division multiplexers to combine and separate counterpropagating signals which occupy different
wavelength bands [89], and those that use standard wideband directional couplers o separate
counterpropagating signals with arbitrary wavelengths [88]. The former method has the disadvantages
that the transceiver pairs are different and the wavelengths are restricted. Although it is more
versatile, the latter method has 6 dB excess loss and, in the presence of large received signal power,
requires optical isolators after the laser transmitters. Recently, full-duplex and time-compression
multiplexed transmission have been demonstrated with diode lasers operating as transmitter and
receiver at cach end [91]. [90]. This method has fewer components but it can not be used for
multichanne! transmission. Polarization separation has also been demonstrated as a means of
separating counterpropagating signals in a point-to-point bidirectional system [93] and as a means
of multiplexing unidirectional signals [94]. Even in unidirectional transmission, bidirectionality is
required for fault detection techniques such as optical time domain reflectometry (OTDR) [95] and
autofiberbreak [96]. |

In a fiber transmission line containing EDFAs, optical isolators are typically used to prevent
reflected light from damaging the lasers [97] and to prevent multiple reflections which can reduce
the receiver sensitivity [98] (Fig. VLI). For direct digital detection at a bit error rate of 107 the

power penaity due to multiple reflection induced relative intensity noise is approximately [98]

penalty = -SLog|I - 144R ] (85)

where the effective reflectance. R, equals YRR~ /2 for discrete reflections with intensity

98-



Tx > l}\/ > RX

GE RP (A)
> >

Fig. VILI. Amplified multiple reflections causing relative intensity noise at the receiver.

reflection coefficients R™ and R'. For Rayleigh backscattering (RBS).R =Rh‘fvr2~ where R, = -32 dB

for fibers longer than 20 km [99]. If an unisolated optical amplifier with gain G is located between
the reflections. the effective reflectance increases to GR,,. Thus, to limit the power penalty to less
than 1 dB, reflections and RBS limit the gain to less than 20 dB without isolation for direct detection
of digital signals and even less for photodetection of analog signals.

Since optical isolators only allow unidirectional propagation, they prevent the use of OTDR for
fault location. In bidirectional networks, such as for interactive video, signals may be trunsmitted
bidirectionally over a single fiber or two separate fibers. Transmitting bidirectionally over a single
fiber can double the capacity of an installed unidirectional link. Whether one or two fibers 1s
preferable for a bidirectional link depends on the particular system. This question is addressed in
[100]. Optical isolators can not be used in single-fiber bidirectional networks such as reflective star
coupler LAN's [101]. Thus a design is required that meets the apparent mutually exclusive
requirements of reflection attenuation and bidirectional transmission. One proposed configuration

modulates the pump laser diode for the second signal source [102]. Disadvantages of this approach
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are that the pump signal itself is not amplified, only unidirectional transmission is possible at 1.5 um,
and one sct of receivers and transmitters is not at the same location. For OTDR testing a method has
been proposed that uses optical circulators to direct the reflected light at each amplifier through a
second fiber [103]. This requires a second installed fiber for the backscattered signal and two pump
lasers at cach amplifier, one being switchable remotely.

[n this chapter alternative methods of sending bidirectional 1.5 um signals over one fiber using
EDFAs with optical isolation are proposed [104]. In Section 2 three types of bidirectional amplifier
repeaters are proposed. At each repeater the counterpropagating signals are separated, amplified
separately, and then recombined. Signal separation is done by fiber directional couplers. optical
circulators, or wavelength selective couplers. The relative merits of the schemes are compared in
terms of required pump light, isolation, noise performance, output saturation power, and cost.
Alternatively, amplification can be separate from the filtering and isolating functions. These functions
can be combined in newly proposed frequency dependent optical isolators described in Section 3.
Experimental measurements are then reported in Section 4. In Section 5 a bidirectional amplifier
using polarization signal separation is proposed for signals with orthogonal linear polarizations.

Conclusions are then given in Section 6.

V1.2 Bidirectional Amplifiers for Single-Mode Fiber

Bidirectional-amplifier repeaters using directional couplers, optical circulators, and wavelength
selective couplers (WSCs) are shown in Figs. VL2, V1.3, and V1.4, respectively. Directional coupler
signal separation tncurs a 3 dB loss at each coupler so the net fiber-to-fiber gain, G, is one quarter
of the internal gain. This loss can be eliminated by replacing the directional couplers and isolators
with optical circulators [103] as shown in Fig. VI.3. Filtering and signal separation can also done
with WSCs as shown in Fig. VL4, In these configurations the top branches amplify light at
wavelength A,. propagating from left to right and the bottom branches amplify light at wavelength
A.. propagating from right to left.

Table VL1 lists the coupling losses, effective reflectance, and required isolation | from (1) for
a power penaity <1 dB assuming a net gain, G,,,. of 25 dB and reflectance, R, of -30 dB. Also shown
are the characteristics of amplifying counterpropagating signals in two separate fibers. In all cases

the pump power is divided equally between the two erbium-doped fibers.
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Fig. VI, Bidirectional optical amplifier with wavelength selective coupler (WSC) signal separation
for OTDR iesting.

In the first two contigurations reflected light from the left is amplified by the top branch and
reflected light from the right is amplified by the bottom branch. so multiple reflections are not
eliminated except for certain cases. Multiple reflections can be reduced by assigning non-overlapping
optical bands to the two directions. The isolation is provided by the narrow band-pass optical filters
in Figs. VI. 2 and VI. 3 and the WSCs in Fig. VL4. The required filter extinction coefficient 1,
calculated from (1), is shown in Fig. VLS as a function of the product of the net gain and
reflectance. The required tunable filters and narrow-band WSCs based on multilayer dielectric filters
are commerctally available. Low-loss filtering with extinction greater than 95% (13 dB) can also be
achicved by depositing dielectric films on bevelled fiber end faces [105].

For OTDR. a wavelength can be used where neither filter or WSC has 100% extinction. For
OTDR testing of unidirectional networks the configurations can be simplified as follows: in Fig. VI.2
and V1.3 only one band-pass filter is required to attenuate the backreflected signal light and transmit
the retlected OTDR pulses. In Fig. VI.4 only one isolator is required to attenuate the reflected

signals.
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For directional coupler signal separation and small signal amplification, the 6 dB coupling losses
can be overcome with a few extra milliwatts of pump power. This is shown quantitatively in Fig,
V1.6 which shows the net gain for each module as a function of the total pump power. These curves
were calculated using the model given in [53] to calculate, at each pump power value, the fiber
length giving maximum internal gain. The parameters used were A, = 1.48 pym, A, = 1.55 pm,
&, = 2.6 dB/m, o, = 1.6 dB/m. P,® = 0.430mW, P”* = 0.139 mW, with -30 dBm input signal power.
For output powers less than 0 dBm, the directional coupler repeater only requires 1-3 mW more
pump power than the optical circulator and WSC repeaters to achieve the same gain, In the saturated
regime. the output power is directly proportional to the pump power so the pump power must be
3 dB higher to compensate for the output coupling loss, as indicated in Fig. VL.6. Recall from
Section [I1.4.2 that the optical amplifier noise figure is directly proportional to the input coupling
efficiency and only weakly dependent on the output efficiency. Therefore, the minimum noise figure
of the optical circulator and WSC configurations is 3 dB plus the component inscrtion loss whereas

the directional coupler configuration noise figure has a 6 dB minimum.
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Configuration P /direction Input Output Effective 7 (dB)
loss loss reflectance (G,=25 dB,
(dB) (dB) 2R R=-30 dB)
Two fibers P2 0 0 G,.R¥n, 1 iso. 10
G, Rn, 2iso. 5
Dir. coupler P2 3 3 G, 10
Circulator, P2 0 0 G..RVn, 10
WSC
PBS P, 0 0 2V(G, Rn) 20
(Correct

Table VI.I Comparison of bidirectional amplifiers. 1\, and 1, are the extinction ratios of the
optical isolator, and the filter and WSC, respectively.
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VI. 3 Frequency Dependent Optical Isolators

In the previous section bidirectional fiber amplifiers were described where EDFAs were
combined with frequency dependent optical isolators. Alternatively. the amplifier can be removed,
resulting in a frequency dependent optical isolator [106]. Frequency dependent optical isolators have
the same design as the bidirectional amplifiers in Figs. VI. 24, but with the amplifiers removed. For
example. a frequency dependent optical isolator using WSCs for OTDR testing of 2 unidirectional
link is shown in Fig. VL.7. The function of this frequency dependent isolator is to allow signal light
to propagate from left to right, but not from right to left. and to allow OTDR pulses to propagate in
both directions. For bidirectional networks a second isolator can be inserted in the bottem brzich to
prevent reverse transmission of the signal propagating from right to left. Separating the frequency
dependent isolator from the amplifier has the advantage that pump light is not shared between two

doped fibers. The experimental demonstration of these devices is described in the next section.

V1.4 Experiments

Two frequency dependent optical isolators (FDOIs) and bidirectional fiber amplifiers were
constructed using WSCs or directional couplers. The gain and noise werc measured for different
amplifier locations with respect to the FDOL. The EDFA with 10 m of fiber described in Section I1.6

was used with 1542 and 1525 nm signals. With -20 dBm input power at 1542 nm, its gain was 23
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dB. The forward ASE peak is about 15 dB below the output without optical filtering and 40 dB
below the output with filtering.

The first FDOI configuration, shown in Fig. IV.7, was made with two 980/1550 nm WSCs to
guide the 1550 nm signal in one direction through the top branch and to guide 850 nm OTDR pulses
in both directions through the bottom branch. OTDR currently has a higher dynamic range at 850
nm than at 1550 nm because the pulsed laser is more powerful and the detector is more sensitive at
850 nm. Although erbium-doped fiber is relatively transparent at 850 nm. this light is strongly
attenuated by an EDFA because it is coupled out by the pump coupler and attenuated by the 1550
nm wavelength-dependent isolators. The bidirectional amplifier in Fig. IV.4 solves this problem by
guiding the OTDR pulses around the amplifier. Fig. IV.8 shows the transmission spectra for the
FDOI shown in Fig. VI.7. At 1550 nm, the forwards insertion loss is 4 dB, and the backwards
attenuation is greater than 35 dB. In both directions the 850 nm insertion loss is 8 dB. This loss can
be decreased by using couplers designed for 850 nm rather than 980 nm. With the amplifier in the
FDOI as in Fig. V1.4, the small-signal gain at 1542 nm was 18 dB with an ASE peak 15 dB below

Transmission (dB)

=30 \ 1 . I " l " 1 M ! N 1 M 3

800 900 1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

Fig. VLS. Transmission spectra of frequency dependent optical isolator with wavelength selective
couplers for OTDR testing.
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the signal.

An FDOI was also made with two directional couplers and two filters for 1525 and 1542 nm.
similar to the scheme in Fig. V1.2 without the fiber amplifiers. Its transmission spectrum is shown
in Fig. VL. 9. The insertion loss in each direction is about 10 dB. comprising 6 dB coupling loss. and
4 dB insertion loss from the couplers. filters, isclators, splices, and connectors. In cach direction the
attenuation of the reverse signal band is greater than 30 dB.

The gain and noise were measured using the FDOI configured for 1542 and 1525 nm. With the
amplifier before the FDOI the small-signal gain at 1542 nm was 12 dB. and the ASE peak was 40
dB below the output. This forward gain decreased by 1.5 dB with -11 dBm input at 1525 nm in the
reverse direction. With the amplifier after the FDOI the gain decreased to 9 dB. and the ASE peak
was only 7 dB below the output. This gain decreased by 3 dB with the 1525 nm light in the reverse
direction. In this case the FDOI insertion loss reduces the amplifier input power so much that its

output is almost lost in the noise background. The signal-to-noise ratio is greater for more powerful

_25 1 1 3 1 1 1
1515 1520 1525 1530 1535 1540 1545 1550
Wavlength (nm)

Fig. VI.9. Transmission spectra of frequency dependent optical isolator with directional couplers
for bidirectional transmission.
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input powers, but with reduced gain. For example, -9 dBm input had a net gain of 7 dB and an ASE
peak 20 dB below the signal. With the amplifer in the 1542 nm branch of the FDOI, as in Fig. V1.2,
the gain was [3.5 dB and the ASE peak was 37 dB below the output. Because of the optical isolator,
the 1525 nm backwards light did not affect the amplifier performance.

The attenuation of light reflected back into each bidirectional amplifier was also compared to
the reflection attenuation of the standard EDFA with no isolators. The input power was -20 dBm at
1542 nm. The spectrum of the light emitted from the input port was measured with no reflection after
the output port and compared to the spectrum with a 4% (-14dB) reflection after the output port. Fig.
IV.10 shows the spectra for the EDFA with no isolators. When there is no reflection, the backwards
ASE was dominant with a peak of -16 dBm. With the reflection, the backwards signal power
increased by 23 dB to 3 dB, only 1 dB less than the output power.

The reflection attenuation for the bidirectional amplifier with WSCs (Fig. V1.4) was measured
for different isolator locations. For no isolator and no reflection, the backwards ASE was dominant

with a peak of -18 dBm. With the reflection, the backwards signal power increased to -9 dB. With
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Fig. VL10. Backwards spectra from EDFA with no output reflection and 4% output reflection.
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an isolator after the EDFA, the ASE dominant spectrum was the same for the reflection and no
reflection cases. Locating the isolator before the amplifier required an extra pump WSC, resulting
in a 2.5 dB gain reduction. Without reflection the backwards signal power was -55 dBm, 2 dB above
the ASE peak, and with reflection the backwards signal power was -44 dBm.

The reflection attenuation for the bidirectional amplifier with directional couplers (Fig. VI1.2)
was also measured for different isolator locations with the EDFA in the 1542 nm signal branch. For
no isolator and no reflection the backwards ASE was dominant with a peak of -23 dBm. With the
reflection. the backwards signal power increased to -14 dB. With the isolator after the EDFA, the
ASE dominant spectrum was the same for the reflection and no reflection cases. With the isolator
before the amplifier and no reflection. the backwards ASE was dominant with a peak of -61 dBm.

With the reflection the backwards signal power increased to -50 dBm.

VI.5 Conclusions

Several designs of bidirectional fiber amplifiers have been proposed. For (ull-duplex
transmission over single-mode fibers with strong reflection isolation separate wavelength bands must
be assigned to the opposite directions and narrow bandpass, low-loss filters with extinction
coetficients greater than 90% are required. Although the optical circulator repeater offers a better
performance, an optical circulator presently costs more than twice as much as the optical isolator and
the directional coupler it replaces. Also, the insertion loss of a circulator is about | dB greater than
that of an isolator. WSC repeaters also offer better performance than directional coupler repeaters,
but at a higher cost. The lower component cost for the directional coupler module must be weighed
against its lower saturation output power, higher noise figure, and larger pump power.

As demonstrated experimentally, the amplifier can also be separately located from the frequency
dependent isolator. This configuration has the advantage that pump light is not shared between the
two doped fibers. Compared to a standard EDFA, the insertion losses of the extra components in the
bidirectional amplifiers reduce the gain and signal-to-noise ratio. However, the bidirectional fiber

amplifiers satisfy their design criterion in that they are much better at attenuating reflected light.
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Chapter VII

Polarization Separated Bidirectional Fiber Networks

VII.1 Introduction

Many proposed architectures of bidirectional optical local-area networks (LAN's) are based on
transmissive or reflective star couplers. When a transmissive star coupler serves as the central node
each user is connected by two fibers, one for transmission and one for reception. A reflective star
coupler network requires a smaller amount of fiber and cascaded directional couplers than a
transmissive star [101]. In this implementation each of the users is connected by a single-fiber to the
star which reflects an equal fraction of light entering from any fiber to all other fibers. In a reflective
star coupler network the counterpropagating transmitted and reflected signals must be separated at
each transcetver. If directional couplers are used, optical isolators may be required after each laser
for protection from the received light. Although wavelength separation can be used in point-to-point
bidirectional links. it is impractical for bidirectional LAN’s. Recently. polarization separation has
been demonstrated as a means of multiplexing unidirectional signals [94] and as a means of
separating bidirectional signals in a point-to-point link [93]. In this chapter, a new method is
proposed in which bidirectional signals in a reflective star LAN are separated by allocating
orthogonal polarizations to the two directions and transmitting over polarization maintaining fiber
(PMF). This method theoretically directs all incident light towards the receivers.

After discussing the transceiver configuration, the novel fiber devices based on an orthogonal
polarization variable reflector are introduced. Reflective polarization separated star LAN’s are then
proposed using a 4-star as an example. A fiber amplifier configuration is then described for
polarization separated bidirectional networks. The chapter concludes with a discussion of some of
the limiting tuctors imposed by polarization separation.

The proposed transceiver is shown in Fig. VILI. A fiber polarizing beam splitter (PBS) selects
the x polarized component of the signal laser light for transmission and the y polarized component
is radiated out at the index-matched terminator. The y polarized components of the incoming signals
are sent to the receiver and the x polarized component is directed towards the laser. Optical isolation

Is unnecessary assuming negligible polarization conversion and negligible backscattered and reflected
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Fig. VII.1 Polarization separated bidirectional transceiver using a fiber polarization beam
splitter (PBS).

light. If required. an optical isolator or a fiber polarizer may be inserted in the dashed box to prevent
light from entering the laser. This transceiver differs from that shown in Ref. [93] in that a PBS is
used instead of a polarization maintaining 3 dB coupler, thus obviating fiber polarizers in front of
the receiver. In a point-to-point link one transmitter can be assigned the x polarization and the other
can be assigned the y polarization as in [93]. For a LAN, it is simplest if the transceivers are
identical. This is realized by connecting the transceivers with a splice that has a 90° rotation of the
polarization axes. With this splice, both lasers transmit the same polarization and receive the

orthogonal polarization.

VII.2 Polarization Separation Components

The necessary components for polarization separated reflective star coupler networks are now
introduced. These are based on a proposed orthogonal polarization variable reflector (OPVR), shown

in Fig. VIL.2. consisting of a fiber PBS with the output fibers joined with the axes rotated by an
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angle 6. Jones calculus gives an analytical description of the device's polarization characteristics. To
describe the polarization state in a bidirectional configuration, the coordinate system is fixed with
the fiber fast and slow axes. A fiber splice with a rotation of angle 8 acts as a polarization rotator

with a Jones matrix:

;- [cose sin9:| (86)

-sin8 cosB

In the reverse direction. the Jones matrix is given by the transverse of J,. The net effect of the PBS
is given by the sum of the multiplication of separate Jones vectors and matrices for each port. For

example, if the ports are labelled as in Fig. VILI then the polarization at the output port 3 is given

by
10 00
E[ ]E[ .]E, &
00 0 |

A 1/2 phase shift is assumed between the two output ports. By successively applying the matrices

0

Px—>
EPCOS 26 A PS‘n 2 B X )

PBS

Fig. VIL.2. Fiber orthogonal polarization variable reflector
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of Egs. (86) and (87) the Jones matrix for an OPVR is found (for light incident from the left as in
Fig. VIL1):

0 jsinB| .
Elout = J }Etm

jsin@ 0
- (88)
£ - cos@ 0 g
: | 0 -cos®

Thus cos®@ of the light is transmitted in the initial polarization and sin’8 is reflected in the orthogonal
polarization.

When 6 = 90°, the device acts as an orthogonal polarization full reflector (OPFR) which has a
resultant Jones matrix identical to that of a Faraday rotating mirror {107]. In a fiber terminated by
an OPFR the returning polarization state is always orthogonal to the entrance state, even when non-
polarization preserving fiber is used. Applications of the OPFR are climinating the polarization
dependence of non-polarization maintaining fiber Michelson interferometers {107] and to prevent
polarization instability in fiber Kerr switches [108]. When 8 = 45°, the device acts as an orthogonal
polarization hualf reflector (OPHR). This device reflects half the incident light in the orthogonal

~ polarization and transmits half the incident light in the initial polarization.

VIL.3 Polarization Separated Reflective Star Networks

The OPFR, OPHR, and polarization maintaining directional couplers (PMDC) make up all the
necessary components for a polarization separated reflective N-star coupler network where N=M* or
26 [101]. Fig. VIL3 gives an example of a 4-star reflective network using polarization separation.
One quarter of the power of the top transmitter is transmitied to each receiver with polarization
orthogonal to the transmitted polarization. A reflective N-star where N=M* can be constructed by
interconnecting MXM star couplers with an OPFR at one output of each MXM star and a 90° splice
connecting the outputs of a star to the other stars (cf. Fig. 9 of [101]). Reflective N-stars with N=2M"
can be constructed with OPHR's replacing the reflective 2-stars and 90° splice connecting the MXM
stars to the 2X2 stars (c.f. Fig. 13 of [101]). In fact, the OPHR is an example of a reflective 2-star

with polarization separation. All of these interconnection methods satisfy the multipath-free
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Fig. VII.3  4X4 polarization separated reflective star coupler nerwork using two polarization
maintaining directional couplers (PMDC), two orthogonal polarization reflectors (OPR) and
a 90° splice.

requirement of reflective star networks provided that the polarization state is preserved.

VIL.4 Bidirectional Optical Amplifiers for Polarization Separated Signals

In large LANSs optical amplifiers may be required to compensate the splitting losses. High-gain
optical amplifiers require optical isolation which makes their use difficult in bidirectional networks
[98]. However, optical amplifiers are easily added to polarization separated bidirectional systems
even with optical isolators. Fig. VIL4 illustrates how an in-line erbium doped fiber amplifier can
amplify counterpropagating, orthogonally-polarized signals with no excess loss [109]. An optical
isolator may be inserted as shown to eliminate the signal components in the incorrect polarization,
and to prevent backscattered and reflected light from entering the fiber amplifier. Note that the

erbium doped fiber must be polarization preserving. In this configuration only the x polarized
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Fig. VII4  Bidirectional optical amplifier with fiber polarization beam splitter (PBS) signal
separanon.

component of the right propagating signal and the y polarized component of the left propagating
signal are amplified. This bidirectional amplifier, with only one WDM, doped fiber, isolator,
multiplexer, and no optical filter, has fewer components than the single-mode fiber amplifiers
described in Chapter VI. This configuration makes more efficient use of the pump light since the
total pump power is shared by the counterpropagating signals. It thus has a larger saturation output
power than the single-mode fiber configurations. Since polarization is maintained during reflection
and backscattering, the degree of backreflection attenuation depends mainly on the exient of
polarization conversion in the fiber and the polarization isolation of the fiber PBS. These are

typically greater than 25 dB [110], [111], which is greater than the limit given in Table VL1

VII.5 Discussion

The network performance depends critically on the degree of polarization isolation. A fraction

of the transmitted signal is directed towards the opposite lasers because of sub-100% laser
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polarization isolation, imperfect laset/PMF coupling, and sub-optimum PBS isolation. Tvpically. a
fiber PBS has an isolation in excess of 25 dB. Polarization coupling in the PMF also results in light
being directed towards the lasers. The degree of polarization coupling depends on the fiber length,
transverse stress. and the radii of the fiber bends [110]. The latter two factors are negligible if all
bend radii are less than 10 cm and a thick cladding and jacket are used to reduce transverse stress.
Assuming x polarized light at 1.55 um is transmitted over a PANDA fiber (2 common type of PMF

[110]). after a distance L the power in the orthogonal polarizations is given by
P; = P;e ““tanh(hL) (89)

where a, the loss coefficient, is = 0.06 km'' (0.25 dB/km) and A, the polarization coupling parameter,
is = 0.5X10km [110]. Assuming a PBS isolation of 25 dB, the power incident on the laser is
limited by PBS isolation for distances less than = 6 km and limited by polarization transformation
for distances greater than = 6 km. Thus, with proper conrnections the fraction of power lost due to
polarization conversion is less than = 25 dB.

In summary, polarization separated bidirectional fiber networks are proposed. This technique can
wansmit WDM signals in both direction with no theoretical excess loss. With all-fiber components,
polarization separation can be used for both point-to-point and reflective N-star coupler networks
where N = M* or 2M°. A bidirectional fiber amplifier for polarization maintaining fiber is also

proposed [109]. It attenuates backreflected light and has no theoretical excess loss.
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Chapter VIII

Summary and Suggestions for Future Work

In Chapter II an analytical model was presented for rare-carth-doped fiber amplifiers and
lasers {44]. Fiber amplifier gain was expressed in terms of system-independent parameters determined
from one-beam and two-beam transmission measurements. System-independent formulas were given
for the slopes and thresholds of ring and linear fiber lasers. Good agreement between theory and
experiment was shown for erbium-doped fiber amplifiers and lasers and thulium-doped fiber lasers.
This is the first model that gives ion-independent, closed-form expressions for fiber amplifiers and
lasers. It is envisaged that this model will provide a basis for future work in the rapidly developing
field of rare-earth-doped fiber lasers and amplifiers [31]. [21]. Although this model is applicable to
all rare-carth dopants, it was verified experimentally for only erbium-doped amplifiers and lasers and
thulium-doped fiber lasers [48]. Therefore, measurements should be done for the other dopants such
as neodvmium and praseodymium.

Approximate system-independent solutions were also given for tiber amplificrs with excited
state absorption at either the pump or signal wavelengths. From this analysis a new technique,
requiring only one tunable light source, was proposed for finding the best amplifier pump wavelength
when pump ESA is present. This is particularly applicable to pumping erbium at 800 nm, since high-
power, low-cost laser diodes are available in that region. This technique still requires an experimental
demonstration. The three- and four-level models predict a flattening of the fiber laser slope at higher
pumping powers when the fiber is shorter than the optimum length. This effect has yet to be
observed since high-power lasers with short fibers have not been measured.

In Chapter I a simple approximate expression for the EDFA amplified spontancous emission
noise bandwidth as a function of the amplifier gain was derived. In contrast with the common
assumption of constant bandwidth, it was experimentally shown that the noise bandwidth decreases
as the gain increases. A simple approximate expression for the EDFA spontaneous emission factor
as a function of the amplifier gain was also derived. This expression enables easy prediction of the
amplifier signal-to-noise ratio (SNR). By taking the derivative of the SNR along the fiber length, an

alternative expression for the optimum EDFA fiber length was obtained. This is preferable to the
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usual technique of selecting the fiber length to maximize the gain, because maximum gain does not
give maximum SNR. The expression gives good results when signal-spontaneous noise is dominant
but requires further refinement when optical filtering does not adequately reduce the spontancous-
spontancous beat noise.

Remote, all-optical gain switching of EDFAs with short pulses at wavelengths within the
amplitier bandwidth was modelled in Chapter IV to determine how the pump and signal powers,
pulse energy, fiber length, and dopant concentration affect the switching time and gain compression
[81]. Greater than 20 dB gain compression with nanosecond switching times was demonstrated with
good agreement between theory and experiment. This work demonstrated interesting properties of
EDFA dynamics. previously thought to be limited by the long lifetime of the erbium metastable
level. Remote EDFA switching from as far as 50 km away was demonstrated {82]. A comprehensive
review of possible applications of this switching effect is still required to determine its practicality.
Rapid gain enhancement with high-energy pump pulses should be demonstrated. The observed fiber
connector damage should also be studied in detail to give guidelines of the optical damage thresholds
of the vartous connectors.

The effect of stimulated Raman scattering on the transmission of high-power 1550 nm pulses
over long single-mode fibers was experimentally and theoretically investigated in Chapter V {36].
It was shown that for a given pulse duration and fiber length, there is an optimum input power that
maximizes the energy transfer. This result is not only applicable to remote EDFA switching, but also
to other applications requiring high-power pulse transmission [84].

Novel bidirectional amplifiers were proposed in Chapter VI for OTDR testing and
bidirectional networks [109], [i04]). The fiber amplifier may be incorporated or separated from a
frequency dependent optical isolator (FDOI) that is used to allocate frequency bands to the two
directions [106]. The preliminary measurements of the FDOI indicate that this device can easily be
manutactured with existing commercial components. After packaging the FDOI should be field tested
for OTDR testing of unidirectional amplified links.

Bidirectional amplifiers for bidirectional transmission over polarization maintaining fiber were
also proposed. This led to the proposal of new all fiber devices for polarization separated reflective

star networks in Chapter VII, Experimental testing of these networks and amplifier is required.
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