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ERBIUM DOPED FIBRE AMPLIFIERS

1. INTRODUCTION

In optical fibre communications systems, the optical signal pulses are subjected to
power loss and puise spreading due to attenuation and dispersion in the optical fibre.
These signal degradation mechanisms limit the transmission distance of any systern.
In long haul links, such limitations are overcome most often by the use of
optoelectronic repeaters, which are essentially back to back combinations of receiver
and transmitter units. The receiver detects the degraded optical pulses, regenerates the
original electronic digital signal, restoring its amplitude and pulse width, and feeds it
as the modulation current to the laser driver. In this way the optical signal is fully
restored to its original form. Optoelectronic repeaters are designed for operation at a
specified bit rate. They will not allow higher bit rates and hence, links using this
technology cannot be upgraded by advances in the terminal equipment. Furthermore,
in any wavelength division muitiplexing (WDM) scheme, each wavelength channel
would require its own dedicated repeater making such systems prohibitively
expensive.
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Figure 1.1: Schematic of EDFA

Full regeneration of the original signals in both amplitude and time is essential in
systems limited by dispersion. However, in atienuation limited systems only
amplification of the signal is required and many advantages may be gained if this is
achieved optically without conversion of the signals back to the electrical domain.
After many years of R & D effort, the currently favoured technology for optically
amplified systems utilises the erbium doped fibre amplifier or EDFA for short (Figure
1.1). In this approach, a length of erbium doped fibre is simply spliced into the
transmission line. When energised by the pump laser, the erbium doped fibre provides
up to 40dB of optical power gain for a single pess. Use of these devices as amplifiers
in long haul transmission systems offers many advantages relative to optoelectronic
repeater technology. For instance, amplification is independent of bit rate and is
available over a useful range of wavelengths (1540-1565nm), giving rise to the terms
bit rate and wavelength transparency associated with these amplifiers. This implies
that optically amplified systems may be upgraded in capacity by using higher bit rate
termina! equipment and / or by adopting WDM techniques, again only requiring

appropriate terminal equipment. In addition, EDFAs require less power and are less
complex and more reliable than optoelectronic repeaters.

Two major disadvantages must be noted. EDFAs do not restore the pulse width in
time and hence the effects of dispersion accumulate over the system. In addition,
optical noise is added to the signal at each amplifier. Given that the technologies of
very low dispersion fibre and dispersion compensating fibre are now mature, EDFAs
may be used effectively in very long haul, even transoceanic, systems. The added
optical noise does present a problem, but, if it is properly managed in the design and
operation of the system, useful and technically superior systems may still be realised.

In these notes, we examine the basic principles of optical amplifiersf1,2} in general
before addressing the principles, characteristics and applications of EDFAs. Precise
analysis of the performance characteristics of EDFAg is mathematically tedious and
only necessary if we require absolute simulation accuracy. Although some design and
operational features of EDFAs are significantly different from those of bulk optical
amplifiers, they exhibit all of the same relative performance characteristics defined, in
general, by the same physical phenomena. Therefore, considerable insight into
understanding the performance characteristics of EDFAs may be gained from the less
tedious analysis of bulk optical amplifiers. In particular, analysis of the noise
characteristics and signal to noise ratios arising from the use of bulk optical amplifiers
is very useful and indeed, directly applicable to many systems involving EDFAs.
Also, analysis of the gain and power saturation characteristics of bulk optical
amplifiers predicts the same general performance trends and features as found in
EDFAs. In these notes we develop a simplified analysis of the operation of bulk optic
amplifiers before describing the structure, principles and characteristics of EDFAs in
relation to our model of the bulk optics case. The difference between EDFAs and bulk
amplifiers are discussed and particular system applications are described and
analysed.



2, PRINCIPLES OF ATOMIC RADIATION

2.1 Photon - Material Interactions

To understand the basics of optical amplifiers we must firstly examine the three ways
in which photons of light may interact with materials. Consider a system (Figure 2.1)
in which a beam of light passes through a volume of material containing atoms which
have two allowed energy levels denoted E; and Ej. N; and N, respectively, are the
numbers of atoms per unit volume in these energy states, usually referred to as the
populations or popuiation densities. As we know from quantum theory, atoms and
molecules in any material system can only exist at certain discrete allowed energy
levels and can only change their energy by discrete jumps between these allowed
levels. In most cases involving the emission or absorption of visible / near infra-red
light, the energy exchange process involves the transition of an electron between two
allowed orbits of fixed, discrete energy. Energy may be exchanged between light and
such an atomic system in three ways: spontaneous emission, absorption and
stimulated emission (Figure 2.2) described in detail below.
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Figure 2.1: Light of photon energy Ep,=hc/d, passing through a potential gain
material having 2 energy levels E; & E; ( E-E=E, )

2. 1.1 Spontaneous emission

An electron occupying an orbit of energy level E; within an atom may randomly make
the transition to another orbit of energy E; (Figure 2.2a) by giving up a photon of
energy E, = E; - E; = hv = he/A, where v and A are the frequency and wavelength of
the emitted photon, h is Plank’s constant (6.63 x10*) and ¢ is the speed of light. Each
photon produced results from one atom making the transition from state E; to E;
Hence, the rate of photon emission is equal to -dNy/dt which is directly proportional to
the number density of atoms, N; (no. per m’), in the energy level E;j and we can write:

Rate o0 =—dN fdt oo = 4, N, @
where A;; is the proportionality constant.

In this totally randomn process, referred to as spontaneous emission, the photons are
emitted randomly in time and direction implying that light of random polarisation is
emitted into a 4n steradian sphere with no phase correlation from photon to photon
(i.e. random phase from photon to photon).

Equation 2.1 represents the instantanecus rate of decline of the population N; of
energy level E; given no other influences. Hence, if we pump a large number of
atoms, AN;, from the ground state up into energy level Ej and then abruptly switch off
the pumping source, the population Nj and the spontaneous emission intensity will
decay according to equation 2.1. We can readily solve equation 2.1 to give N; as a
function of time as follows:

N, = AN exp(-4,0) = AN exp(~t /1 ;) (2.1a)

Equation 2.1a indicates that a population perturbation, in excess of thermal
equilibrium, decays exponentially with a time constant t; = 1/A; which is referred to
as the spontaneous emission lifetime of state j (i.e. the time for the population to reach
1/e of its initial peak perturbation).

Note that equation 2.1a applies only to transitions between 2 specific energy levels.
More generally, spontaneous emission may occur to a number of energy levels below
state j and we have:

Rategq =—dN /fdt oo = A, N + 4 N, +. AN,

Mmooy

and
N, =AN exp— At = AN exp(-t/1 ) (2.1b)

where Ay are the spontaneous emission rate constants for transitions between states j
and n, 1 are the spontaneous emission time constants for these transitions,

A, =2 4, and 5= VA,

If the population of state j decays by additional, perhaps non-radiative, mechanisms,
such as atomic collisions or lattice phonon interactions, with rate constants ki to
states n, then equation 2.1b must be written as:

N, = AN exp[—(4, + &, )]= AN exp[-t/(4,+k,)] (2.1¢)

where the lifetime, 1, is now equal to 1/[A; + k;]. Spontaneous emission to additional
energy levels or further non-radiative decay mechanisms may be accounted for by
adding the appropriate rate constants to the expression within the square brackets of
equation 2.1b.

2.1.2 Absorption

In the system depicted in Figure 2.1, photons of energy E; = E; - E; = hv = ho/A may
be absorbed by atoms in energy level E; (Figure 2.2b) which make the transition to
energy level E; as their electrons move between the corresponding orbits. Since each
transition involves the absorption of one photon into one atorn, the rate of absorption
(i.e. the rate of photons removed from the incident beam) is equal to -dNydt.
Intuitively, therefore, the rate of absorption is proportional to the population density
of atoms, N;, in energy level E; and to the photon energy density at frequency v,
Hence, we can write:

Rate 5, = AN, 7 dt, s, = B,N,p(v) 2.2



Equations 2.18 to 2.22 clearly indicate that the emission of light from a specific
atomic transition is not a single frequency but occurs over a spread of frequencies
with a FWHM linewidth which can be defined in terms of the rate constant or lifetime
of the transition. However, the analysis as presented above is a little over simplistic.
We must consider that the population of state j will decay by spontaneous emission 10
all states below it at a rate , A; = 1/t; and further, that state i decays to all states below
it at a spontaneous emission tate, A; = 1/7;. The interpretation of this situation and of
expressions such as equation 2.21 is quite clear. There is an uncertainty in the time
that an atom can remain in state j implying that there is a corresponding uncertainty in
the energy of that state. The same argument applies to state i. Hence, if we are dealing
with a transition from state j to state i we must consider the spread in energy
associated with each state which results in a spread in photon energies and frequencies
associated with transitions between the two states. Given this argument, the
normalised spectral distribution of the frequencies emitted by the ji transition is given
by equations 2.21 and 2.22, but the line width is given by

A+ A
Ave— L1 {_‘ +L}=_12 ' (2.24)
T

where ;i = 1/[Aj + Aj].

Equation 2.24 represents the theoretical lower limit on the FWHM spread of
frequencies emitted or absorbed by the ji transition as defined by the spontaneous
emission decay processes only. As such they are referred to as the natural lineshape
and the natural lirewidth of the transition respectively.

As we have seen, other decay processes, such as collisions between atoms or
molecules in a gas, shorten the lifetimes of excited states (see equation 2.1c). Taking
these into consideration and substituting the appropriate shorter time constants into
equation 2.24 results in a broadening of the linewidth. In addition, collisions during
the emission process interrupt the phase of the emitted waveforms, further and more
significantly broadening the frequency content of the emission. For these reasons such
processes are known as broadening techanisms. There are many types of broadening
process such as interactions between the emitting atoms and lattice vibrations or
phonoens in solids and the analysis of their effects can be very complicated and often
inaccurate in predicting the resultant lineshape. The broadening mechanisms and the
precise analysis of their effects on the line shape are often unimportant, provided we
can measure the lineshape and understand its behaviour under the operating
conditions of any process we are investigating. It is, however, important to distinguish
and fully understand the differences between two very specific categories of
broadening viz. homogeneous and inhomogeneous line broadening.

For materials in which the probability of a transition (spontaneous, stimulated or
absorption) as a function of wavelength is the same for all atoms, then the linewidth
or gain curve is said to be homogereously broadened. This implies that all of the
active atoms in the gain medium are subjected to the same environment, external
influences and homogeneous broadening mechanisms (mechanisms which affect all
atoms equally). One such mechanism is collisional broadening in a gas. Allatoms ina
gas at uniform temperature have the same probability of suffering collisions during
the emission process.

10

If the distribution of transition probability with wavelength varies for different groups
of atoms, the linewidth or gain curve is said to be inkomogeneously broadened (sce
“Optical Amplifiers™). Inhomogeneous broadening oceurs in gain materials in which
the active atoms oceupy different local environments within the host material, such as
the different possible doping sites in a crystal. Alternatively, it occurs if the
broadening mechanism affects different groups of atoms in a different way, such as in
Doppler broadening in 2 gas where the Doppler shift in wavelength for any atom
making a transition depends on the vector component of the atom’s velocity in the
direction of the beam axis. Hence, different atoms travelling in different directions
relative to the optical axis and at different velocities give rise to a distribution of
wavelengths in the Doppler broadened lineshape. For materials with
inhomogenecusly broadened lines each atom (or group of similar atoms) has a
homogeneously broadened transition probability and the entire lineshape or gain
curve for the material is the summation of the homogeneously broadened lineshapes
of all atoms.

2.4 Transition Rates For Narrow Band Radiation

The frequency dependence of the relative probability of emission and absorption must
be taken into account appropriately in the transition rate expressions 2.2 and 2.3.
Consider firstly the situation depicted in Figure 2 4a in which the atomic transition is
interacting with a broadband radiation field as in the black body mdiator. To
determine the rate of absorption or stimulated emission the energy density, p(v), in
cach frequency interval dv must be weighted by the probability that it will lead to a
transition as determined by the line shape function, and the total weighted energy
density function is found by integrating with respect to frequency over the limits from
0 to infinity. Hence the rate of absorption is given by:

Rate = B,N, [ p(v)g(v)dv (2.25)
0
e o

a) b
Figure 2.4; Relative spectra of incident radiation fields and the atomic transitions
they interact with. (a) Broadband radiation interacting with narrow
linewidth atomic transition, (B) Narrowband radiation field interacting
with broader band atomic transition

Over the narrow frequency interval for which g{v) is significant, we can assume that
p(v) is constant (Figure 2.4a). Therefore, we can take p(v) out of the integral and set v
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= v (where v is the centre frequency of g(v}). Using the normalisation condition
{equation 2.16), 2.27 becomes:

Rate = B,N,p(v’) (2.26)
Similarly, for stimulated emission we obtain:
Rate = B,N,p(v") @227

Equations 2.26 and 2.27 are consistent with equations 2.2 and 2.3 which were
proposed for the interaction of an atomic transition with a broadband black body
radiation field.

In applications of optical amplifiers and certainly for lasers, the interacting radiation
field is monochromatic and its linewidth is much narrower than the line shape
function of the atomic transition (Figure 2.4b). The rate of absorption is again given
by equation 2.25, but in this case g(v) may be considered as constant over the narrow
frequency range of the monochromatic radiation field and it can thus be brought out
from the integral. The remaining integral of p(v) with respect to dv is simply the
photon energy density, p., in the monochromatic light wave of centre frequency v. p,
can be measured. Hence, the rate of absorption for a monochromatic light wave is:

Rate= B, N,p, g(v} (2.28)
and the rate of stimulated emission is:
Rate= B, N .p g(v) (2.29)

For most applications it is more useful to express equations 2.28 and 2.29 in terms of
the intensity of the incident light wave, 1,, using the substitution:

_ I,

o, (2.30)

<

where n is the refractive index of the gain medium

3. OPTICAL AMPLIFICATION - SMALL SIGNAL GAIN

Given the photon material interaction processes described above, it is obvious that
only stimulated emission ean lead to optical amplification. In the system depicted by
Figure 2.1, stimulated emission competes with absorption to determine whither the
incident beam is amplified or attenuated. Spontaneous emission results in background
light emitted randomly into a 4% steradian sphere, a proportion of which reaches the
detector as background noise. To achieve amplification, the rate of stimulated
emission must be greater than the rate of absorption and hence B;N; must be greater
than B;N; (see equations 2.2 & 2.3) which generally means that N; must be greater
than N;. This situation (N; > Nj) is referred to as a population inversion, since at
thermal equilibrium the populations are highest for lower order states as defined by
the Boltzmann distribution (equation 2.6). For example, the relative population, NyN;,
at 295%K of two states differing in energy equivalent to the photon energy of light at a
wavelength of 1pm is 6.0 x10% (assuming g; = gi). Hence, at thermal equilibrium
absorption completely dominates and the beam is attenuated. The challenge, given the
nutnbers involved, is to achieve a population inversion allowing stirnulated emission
to dominate (see Section 4).

Given that we can manipulate the relative population densities of two states of a
chosen gain medium to achieve a population inversion, we now wish to develop an
expression for the measured output light intensity of the experiment depicted by
Figure 2.1. In this way we will be able to determine the extent of amplification or
attenuation of that gain medium. Using the rate equations 2.1, 2.28 and 2.29, we can
derive such an expression in terms of the population densities of the states involved
and the incident light intensity. Let us firstly comsider the process of stimulated
emission in a slab of material of thickness Az somewhere in the body of the gain
medium (see Figure 3.1).

oz —ef = 4z

—-_____‘_____-_-_:—_-x—__________———'

Gain
Madium

_-———'_'______-,_-___Z—:_-—_-—-‘—-—-—._

Figure 3.1: Geometry for calculating gain from slab of thickness Az within the body
of the gain medium

The photon energy density in the slab is p(z) and the incident light intensity is I.(z)
{where p.(z) = L(z)n/c, as given by equation. 2.30). Applying equations 2.29 and
2.30, the rate of reduction of the number of atoms in energy level E; due to stimulated
emission in the slab is:

dN . I
L AAz= —BﬁNj.ﬂ.g(v).AAz G3.1)
[

dt
where A is the cross-sectional area of the beam.



Each transition adds a photon of energy hv to the beam. Hence, we simply multiply
3.1 by hv to get an expression for the incremental power, AP, added to the beam by
stimulated emission in the slab, and divide by the cross-sectional area to get the
incrementali intensity, Alv(z):
dN I(z)n

A[v(z)=——d:’~.hv.Az= BN, ( ) g(v).hv.Az (32)
Similarly, each absorption transition from state i to state j annihilates a photon from
the beam and by analogy we can derive the incremental reduction in intensity, -Aly(z),
due to absorption as:

—AT, (z):«-thvAz B,N,. ! (z)"

g(v).hv. Az (3.3)
In addition, we must consider the contribution of spontanecus emission from the
atoms of the slab to the total radiation field. With tespect to the detected signal, only
the spontaneous emission collected by the detector is of interest. Since, spentanecus
emission is random and omni-directional only a fraction of the light emitted by any
element of the slab is collected at the detector, that fraction being /4w, where Q is
the solid angle subtended by the detector at the plane of the slab. Hence, the
incremental intensity provided by the slab to the detected beam from spontaneous
emission is:

dN
Al (z)= ’JWEAz A, NJW4£A2 (3.4)

In the formulation of oquntion 34, it is assumed that spontaneous emission
contributes over the entire line shape function of the atomic transition and equation
2.12 has been used. If a narrow band filter is used in front of the detector to reduce the
level of spontaneous emission then we must multiply equation 3.4 by g(v)Av, where
Av is the linewidth of the filter.

The total contribution of the slab to the signal intensity is sitnply the summation of the
incremental intensities contributed by stimulated and spontaneous emission minus the
absorbed intensity. Hence, the rate of change of intensity with distance z through the
gain medium is given by:

dl,(2)

n n n
P BﬁN}..g(v).hv.lv(z).:+ ByNi.g(v).hv.lv(z).-E+ AN, — hv

am
= h—v.n.g(v).[BﬁN ,- BN (2)+4 ,.,Nj.:%.hv (3.5
c

The second term in equation 3.5 is the contribution of spontaneous emission to the
collected signal. It is basically a source of noise. It is essential to the operation of any
laser and it must be taken account of in any analysis of the signal to noise ratio in
amplifier applications. However, for the moment we are only interested in the process
of amplification. Neglecting the noise term and using the relationships, 2.9 and 2.10,
between the Einstein coefficients, we obtain the most widely used expression to
describe the process of amplification / attenuation arising from the competing
processes of stimulated emission and absorption respectively:

dr, 2 :
- [A,-.- 2w, - %N]]; &) =1V (2) 06

In the derivation of equation 3.6 it is implicitly assumed that the populations N; and N
and hence yo(v) are independent of 1(z). Clearly if 1,(z) is sufficiently large the
resulting intense stimulated emission will drive down the population inversion
changing yo(v). Equation 3.6 is thus only valid for I,{0) sufficiently small to ensure
negligible perturbation of Nj and N;. For this reason Yo(v} is refemred to as the small
signal gain coefficient which is frequency dependent through the line shape function
2(v). Clearly the condition for amplification is that the term [N; - Ni(g2/g,)), referred to
as the population inversion, is greater than 0, i.e. N; > Ni(g2/g1)-

Integrating 3.6 with respect to z, we get the intensity as a function of z for an input
signal of 1,(0):

1,(8) = 1, (0)exply, (v)2) (3.7}
For a gain medium of length | equation 3.7 becomes
L) = Gy(v).1,(0) 3.8
where
Gy (v} = exply (V)] (3.9

Go(v) is referred to as the small signal gain of an amplifier of length 1.

It is often convenient to specify the gain coefficient in terms of the stimulated
emission or absorption cross-sections, Osg and 6 gs, where these are given by:
z

GSE=AJ,.&m—°2.g(v) and O g5 = A4, = L glv ) 3.10)
'I
Hence
¥, = o.(v).{N, - ?N} (3.1)
1

where the second term on the right is referred to as the population inversion.

Indeed, equation 3.11 can be generalised to provide the gain coefficient, y(v), for any
level of input signal provided the population inversion used is that for the prevailing
signal conditions.

As we increase the pump power the population of the upper gain state increases
linearly (eqn. 2.28) as does the population inversion and the gain coefficient. It is
customary to express the gain of an amplifier in decibels. Therefore, taking 10log(o of
both sides of the expression for the overall gain of the amplifier (eqn. 3.9), we get:

Gain(dB) =101log,, G, (v) =10log,, "™ =434y (v} 3.12)

Equation 3.12 shows that the small signal gain (in dB) of an optical amplifier
increases linearly with the gain coefficient and hence the pump power. At very low
pump powers the population inversion is insufficient to provide gain and the signal is
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attenuated (by an amount depending on the population of the lower gain state). As the
pump power, the population inversion and stimulated emission increase the
attenuation decreases and the system becomes wansparent. Beyond the point of
transparency (the gain threshold) the gain (in dB) increases lineatly with pump power
according to equation 3.12. It must be noted that the above model only applies under
weak pumping conditions for which we can assume insignificant depletion of the
ground state. For strong pumping, the ground state becomes severcly depleted and
further increases in pump power result in minimal improvements to the gain and the
output power. In this region the amplifier is in pump saturation and the gain gradient
decreases and flattens out with increasing pump power. From plots of gain versus
pump power (sce later the laboratory exercises), we can determine the gain threshold
and the gain gradient (from the linear part of the plot) which in turn can be used to
determine the small signal gain coefficient for a uniformly pumped amplifier. A
useful performance parameter which can also be determine from such a plot is the
gain efficiency i.e. the gradient of the line drawn through the origin and tangent to the
gain / pump curve before it flattens out (see laboratory exervises). The gain efficiency
contains information about the threshold as well as the gain gradient.

4. PUMPING MECHANISMS

To achieve optical amplification we need to realise a population inversion between
the two energy levels involved in the process. In the above analysis we assumed that a
given population inversion could be obtained by appropriate pumping techniques
without considering the details. Under thermal equilibrium conditions most of the
atoms of any particular material system are in the ground state and the relative
populations of the higher allowed states are given by the Boltzmann distribution (eqn.
2.6, Figure 4.1). For amplification of a particular wavelength, the energy levels
involved in the gain process must be separated in energy by an amount equal to the
photon energy at that wavelength. At visible and near infra red wavelengths (400nm
to 2000nm), the photon energies imply enormous differences in the thermal
populations of useful energy levels in the potential gain media. For example, the
relative population, Ny/N;, at 295°K, of two states suitable for amplifying light at a
wavelength of 1pm (photon energy = 1.99 x 10%]) is 6.0 x10% (assuming g; = g).
This means that to attain a population inversion atoms must be “pumped” (raised in
energy) in huge numbers from the ground state to some appropriate higher level state.

E,
E|
Ground Eg
state N

Figure 4.1: The Boltzmann distribution showing the relative populations of discrete
erergy level of a system under thermal equilibrium

With the exception of semiconductor and gas systems, most laser and amplifier gain
media are pumped optically. In this process, atoms in the ground state (Energy level
E,) of the material are raised to a higher energy level {E;) by the absorption of photons
of energy, E; - E,, supplied from an external light source which may be another laser
or a high power arc or flash lamp. In this way the population of the ground state
decreases while that of the upper state increases. If only two energy levels were
involved in the process, then the population of the upper state would increase until the
rates of absorption and stimulated emission of pump photons (eqns. 2.28 & 2.29) were
equal. Hence, a population inversion cannot be created by pumping from the ground
state in a strictly 2 level system.

Most optical amplifiers and lasers are based on either a 3 or a 4 level gain medium
and pumping system. Figure 4.2 shows the simplified energy level diagram and
pumping scheme for a typical 3 level system. Atoms are pumped, by photons of
energy, Ez - B, from the ground state to some higher energy level, E;, from where
they make rapid transitions into energy level E;. Provided that the rate of decay of the
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atomic population in the E; level (by spontaneous emission or other means) is slow
relative 1o the pumping rate (i.. the E, energy level is metastable), the population of
E, will increase to exceed that of the ground state, thus creating a population
inversion. Light of a wavelength satisfying the relationship Ephown = E1 - Eo = he/A
may then be amplified by this gain medium.

The rates of pumping and decay of the various populations are also indicated in
Figure 4.2. R; is the rate (dN2/dtjpump;) at which atoms are being pumped into state E;
from the ground state as a result of absorption of the pump light. Since the transition
rate, Na/Tz;, to state E; is very rapid (1 is short), Rz is also the pumping rate
(dNy/dtjpupp) of the upper lasing level, E,. In the absence of stimulated emission the
population of the metastable upper lasing state decays slowly at a rate dNy/dt = Ni/110,
where Ty is the lifetime of the E; level (see equations 2.1a & b). The erbium doped
fibre amplifier is a good example of 2 3 level system and will be discussed in detail in

section 7,
F Ex
R;
E,
.
'
R, .
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"
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Figure 4.2: Simplified energy level diagram of a 3 level gain system showing the
pumping scheme and transition rates.

In a 4 level system (Figure 4.3), ground state atorns are pumped, by photons of energy
E; - Eq, to energy level E; from where they rapidly make the transition to the
metastsble state, E;. Due to the long lifetime / slow decay of the atomic population in
the metastable E; level, its population builds up creating an inversion relative to level
E; and providing amplification of light of a wavelength satisfying the relationship
Epiown = E2 - E1 = he/A. In efficient gain media the E; level is sufficiently higher than
the ground state that its thermal equilibrium population is negligible. In addition, its
transition rate to the ground state, by spontaneous emission or otherwise, is usually
very fast to ensure that its population remains negligible even under high rates of
stimulated emission from the E; level.

Again the pump and decay rates are indicated on the energy level diagram. R; is the
pump rate of level E; and the upper lasing level, E, since the transition rate, Niltay, i85
rapid. In the absence of stimulated emission the population of the metastable E; level
decays slowly by spontaneous emission to E, and to the ground state at the rates
Ny/ty; and Naftae respectively. The decay rate of the E; population, Ni/tio, is very
rapid thus maintaining low N;.
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Figure 4.3: Simplified energy level diagram of a 4 level gain system showing the
pumping scheme and transition rates.

Neodymium doped YAG (yttrium aluminium gamet) is an excellent example of an
optically pumped four level gain medium predominantly used in lasers of the same
name. Neodymium ions are the active species with YAG as the dopant host material.
Figure 4.4 shows the partial energy level diagram of neodymium. The pumping
transition is from the ground state to a band of levels denoted 3 in the diagram leading
to absorption over a broad wavelength band centred in the visible spectrum at around
500-600nm. Putnip photons provided by a high power Xenon flash tube with a centre
wavelength around 500nm and a broad spectral output providing efficient pumping of
the broad transition. Atoms put into the upper pump states decay rapidly to the
metastable Fi;z level creating a population inversion relative to the Iy, Liaz and Lisz
levels which are short fived. The transitions to the former two of these are the most
often used providing optical amplification and laser action at 1064nm and 1315nm. It
is also possible to create a population inversion with the ground state providing gain
at 972nm from a 3 level system.
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Figure 4.4: Energy level diagram for the 4 level Nd:YAG gain medium.
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5. OPTICAL AMPLIFICATION - LARGE SIGNAL GAIN

5.1 Introduction

In the analysis of small signal gain carried out in section 3, it is implicitly assumed
that the population inversion is constant, remaining unperturbed by the low levels of
stimulated emission arising from amplification of a weak input signal. As the signal
strength increases, the stimulated etnission process begins to significantly reduce the
population inversion and the gain decreases, a phenomenon referred to as gain
saturation. To analyse large signal gain and gain saturation, we must consider the
coupled rate equations for all of the transitions which influence the populations of the
two energy levels involved in the amplification process. The analysis and results are
different for 3 and 4 level systems [1, 2] and hence, they are dealt with separately
below.

5.2 Four level systems

With the aid of Figure 4.3, we can readily identify the main transitions which affect
the population inversion and establish their rates:

1. Ry is the rate at which atoms are pumped from the ground state into E,, via
Es, assuming that the transition of atoms from E; to E; is very rapid. R, is
given by the rate of absorption of pump photons into the ground state
atoms:

R, = B, .n.g(v)N,/c 5.1
where LT is the pump intensity.

Using equations 2.10 and 3.10, we can express equation 5.1 in terms of the
pump absorption cross-section, pp:
R c”hp 5.2
1= (5.2)

2. No/ty; is the transition rate associated with all the processes (mainly
spontaneous emission) which decrease the population of E; whilst
simultaneously increasing that of E;.

3. Nyt is the transition rate associated with all processes which decrease the
population of E; and eventually feed the ground state but without passing
through E,.

4. The total rate of population decay of state E; is the summation of the above
two transition rates given by Na/ta1 +Na/t30 = Ny/1; where 15 is the lifetime
of state 2 determined by all possible decay mechanisms. t; is defined by
iftz = l."‘tll +lfT20

5. Using equations 2.28 and 2.29, we can readily write an expression for the
rate of population decay of the E; level due to stimulated emission offset by
the rate of imcrease  due to  signal absorption ie.
Rate, = g(V)p,[ B, N, — B,;N,}. The final result may then be expressed in
terms of the signal intensity and the stimulated emission cross-section using
equations 2.30 and 3.10 respectively:
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Cof g
Rate, =~V (N, 22y 53
@tey, v (N, 2, 1) (5.3}

6. Ny/11 is the rate of population decline from state E| where 7, is the lifetime
of state | determined by all possible decay mechanisms but largely by
spontaneous emission.

It is now a simple matter to write the coupled differentiat rate equations describing the
population exchanges between the two levels involved in the amplification process:

dn, N, ol £
—Ltopg - Ey (N 2y 54
dt i1 7 hv (N, 2, )] (5.4a)
and
dN, N, N, ogl P
b A BT YA T (5.4b)
dt 1, 1,  hv &

In a rigorous solution to these equations we must impose the condition that Ny, = Ny +
Ny + Nz. However, this leads to considerable mathematical complexity and tedium. In
order to simplify matters in the following solution of these equations, it is assumed
that the populations N, and N, are very small in comparison to Ng and hence that N is
independent of the pump rate. In addition, we shall also set g, = g;. Although this
simplified approach is only strictly valid in the limited case of weak pumping, it
enables us to make useful gemeral deductions about performance trends and
characteristics of optical amplifiers. However, it must be remembered that this
assumption is invalid for strong pumping and for 3 level systems where by definition
Ny >> No.

For our present purposes, we are interested in the solution to the above coupled
differential equations in the steady state condition that dN(/dt = dNy/dt = 0. Without
detailing the mathematical process, which is of little interest to the scientist or
engineer, the solution in terms of the population inversion (N - Ny) is:

N,-N, = Rsfz(l'fn”fz) ) (5.5)

I

g L3
1+(fl +1, - rtf:/’rn)( ;EV

Multiplying by the stimulated emission cross-section, ose, gives the gain coefficient:
ang,zz(l - rl,t’rz)

Toed,
1+(‘L’1+f2—1'11'2f1'1|)( ;‘Ev )

For small input signals (i.e. small I}, the second term of the denominator is negligible
and the numerator is thus the small signal gain coefficient. Hence we can rewrite
equation 5.6 as:

y(v) = (5.6)

¥al¥)

O d,
l+(rl +7, - rifzﬁ"fﬂ)(' ;E;A)

r(v) = 5.7
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In a good four level system, 7 << 1; and 12 = T3; {i.e. state E; is metastable - long
lived - and decays primarily by spontaneous emission) and equation 5.7 can be
simplified to:

Yo(v)
y{¥)=——r—"——7%
1+(1‘2 .GE.I,]
hv
The signal intensity at which the gain coefficient drops to half of the small signal gain

coefficient is referred to as the saturation intensity, I,, which occurs when the second
term in the denominator of equation 5.8 equals 1. This means that I, is given by:

(5.8)

.= id (5.9
5Ty
and equation 5.8 may be rewritten as:
L nv)
T(V)_I,'dz _] (I—J (5.10)
+ 2
This equation is solved by integrating with respect to dI, and dz, giving:
hil) I 1
s(V)]
dlv[—+—— = y,{v)dz (5.11)
P E oA "; ’
Hence
LA g, n y oo
et @=L @)=y (512)
1.0
= lnG+g(v)+)(G-l)=yn(v)l (5.13)

Intuitively, increasing signal strength for a given pump power eventuaily results in
significant depletion of the population inversion and the gain, therefore, falls off
accordingly. In the region of decreasing gain the amplifier is said to be in a state of
gain saturation. This effect is confirmed by equation 5.10 which clearly shows the
gain coefficient decreasing as the signal intensity, 1,, approaches and then exceeds the
saturation intensity, I, When I, = 1,, the gain coefficient is halved providing a
practical definition of [,. Equation 5.13 cannot be solved analytically, but & numerical
analysis leading to a plot of G versus 1,{0) shows that, as expected intuitively, the gain
does indeed drop off with increasing input intensity becoming half of its initial low
signal level at I, = I,. '

5.3 Three level systems [2]
Consulting Figure 4.2 we can easily determine the transition rates which cantrol the
relative populations of the ground and E, energy levels:
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1. The rate of increase in the population of the E; energy level due to the
optical pumnping (absorption) into E; followed by very rapid transition to E,
is given by:

R, = B,Il.ng(v)N, /¢ (5.14)

Using equations 2.10 and 3.10, we can express equation 5.14 in terms of the
ahsorption cross-section:
a4’
27 v
2. Ny/1ip is the rate of decline in the population of energy level E,
predominantly due to spontaneous emission. Tio is the spontaneocus
emission lifetime of the E, level.
1, Following the logic described in item 5 of the transition rate analysis for 4
level systems the tate of decline in the population of level E, arising from

stimulated emission off-set by absorption of the signal photons by ground
state atoms is given by:

(515

)

I
Rate,y ==+ (N, - ? N, (5.16)
[

h
Amplified spontaneous emission plays a significant role in depleting the population of
the upper gain state. However, we can gain a useful insight into the amplifier
characteristics by neglecting it whilst simplifying the mathematics considerably. The
differential rate equation for the population of the upper gain state can now be written
as:

N, N 1,
LL:RZ—_I‘-CSE_V(NI——E‘LNO) (517
dt T AV &a

By definition, in & 3 level system, the ground state population, Ny, is significantly
depleted and, unlike the 4 level system where we neglected the condition of
conservation of the total population, we must impose the condition that Ny = N; + Ny,
where N, is the total population density. Given this condition, the steady state (dN./dt
=0) solution of equation 5.17 is given by:

(I, +1)N,

= et 5.
P le20 41, (518)

where I, =1,/I, and I, =111, where L, is the saturation pump power.

Given that dI, fdz= 0 (N, - N)I,, dl, /dz=0 4 N, and substituting N, = N; -
N3 and N; from equation 5.18, we obtain:

dI, {1, -DoguNd,

=—£ - > (5.19)
dz 1420, +1,
dl, (I +D)o 4 NI
and L, G0 N, (5.20)
dz 1420+ 1,
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Clearly from equation 5.19, the gain per unit length and hence the overall gain (in dB)
increases linearly with increasing pump iz}tensity, I;, but then flattens out as I,
approaches and exceeds I, increasing I, in the denominator. Intuitively such
behaviour is expected (and observed experimentally, see laboratory exercises) since a
large pump power will result in severe depletion of the ground state leading to
reduced absorption and pumping rate. This phenomenon, referred to as pump
saturation, prevails in all operating 3 level systems whete the lower gain state is the
ground state which by definition must be at least 50% depleted simply to obtain a
population inversion. It is also evident in 4 level systems under strong pumping
conditions. It should also be noted that signal gain saturation is also predicted by
equation 5.19.

5.4 Issues of homogeneous and inhomogeneous line broadening

With respect to the operation of lasers or optical amplifiers, the significance of
whether a gain curve is homogeneously or inhomogeneously broadened lies in the
behaviour of the gain curve under intense radiation, such as for an amplifier
approaching saturation or the gain medium of a laser in equilibrium oscillation. For
homogeneously broadened gain media under imtense radiation at any wavelength
under the gain curve, the high level of stimulated emission simply depletes the
population of the upper state and the entire gain curve diminishes but maintains its
shape (see Figure 5.1). This means that the gain for all wavelengths under the gain
curve is reduced uniformly. For gain medis with inhomogeneously broadened
transitions under intense radiation, the population of the upper state only decreases for
that group of atoms whose homogeneous lineshape overlaps the radiation wavelength.
Hence, the gain is only diminished in a narrow range of wavelengths (the
homogeneously broadened linewidth for these atoms) around the radiation wavelength
(see Figure 5.2). This phenomenon is referred to as spectral hole burning. The gain for
wavelengths under the gain curve but outwith this region is unaffected.

Gain

A W"-Iv-lcng(h
Figure 5.1; General form of a typical gain curve under small signal conditions (solid

line) and under internal radiation at A, for homogeneously broadened
transition
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Gain

. Wavelength

Figure 5.2: General form of a typical gain curve under small signal conditions (solid
line} and under internal radiation at A, for inhomogeneously broadened
transition
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6. NOISE IN OPTICALLY AMPLIFIED SIGNALS

6.1 Noise in Optically Amplified Signals

As well as providing optical amplification for an incident signal, any gain medium in
which there is a population inversion is a source of significant levels of spontaneous
emission. Some of that spontaneous emission from any given volume element in the
material travels co-axially with the signal (see equations 3.3-3.5) and is amplified by
the remaining gain medium between its source and the amplifier output facet[3, 4].
Such amplified spontaneous emission (ASE), when mixed with the signal on the
detector, is a source of noise[3, 4]. Indeed, noise associated with the ASE is the
limiting factor in determining the ultimate signal to noise ratio in any system using
optical amplifiers [4], patticularly in long haul periodically amplified systems using
EDFAs in which the ASE accumulates through the system [5, 6].

Let us consider the spontancous emission from a cylindrical gain medium of cross-
sectional area A and length 1 (Figure 6.1). A cross-sectional slab of material of
infinitesimal thickness, dz, will spontaneously emit a total power of
A;N2.g(v)dv.hv.A dz in the frequency mnge v to v + dv. Generally, we are only
concerned with power emitted through the end face of the cylinder and confined
within a given solid angle, dQ, given by:

dF o (d) = Az,Nzg(v)dv.av.g. Adz 6.1
For example, d€2, may be the angle subtended at the centre of the cylinder by a remote
receiver (removed far enough that we do not need to consider the variation of d€) with
length along the cylinder). Alteratively, if the gain medium is in the form of a
waveguide as in optical fibre amplifiers, d€), is the solid angle associated with the
numerical aperture of the guide i.e. d2 = NA%/4.

dz

] |oe—

Photodiode

! detector

Figure 6.1: Geometry for calculating sponteneous emission power collected by a
remote detector from a slab of thickness dz within the body of the gain
medium.

For small df), power emitted spontaneously from a slab at position z along the length

of the eylinder will be amplified by the remaining gain medium of length Iz by a
factor e™ ~ ¥ before it Jeaves the exit face. Hence, the ASE power, in the frequency
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interval dv, emerging from the cylinder end face is the summation of the contributions
from each slab of thickness dz making up the entire gain medium:

1
4P
P, = |dz —25E g2 6.2)
” I =
Evaluation of the integral gives:
G-1 dQ
P =[—;——].Az[Nzg(v).}|v.A;.dv (6.3)

where G is the total gain of the amplifier given as G = exp[yl]

2
Substituting y (v} = 1'1'5_.:(\0{1'\12 -%N,:I and og(v)= 4 A g(v) gives:
1

Zl'smi M
N, n?
Py = ———t— (G - 1. hv.2 A5 dS2.dv (6.4)
2 L
&1
2
=2p[G - Jhv. A’: AQ.dv (6.5

Q

where u = N, /[N, - (g,/& )N, ]is known as the population inversion factor.

The term An*d)/Ae’ characterises the geometry of the light emission and collection
system relative to the wavelength. Generally, to minimise the noise, it is desirable to
collect only the minimum possible amount of ASE when detecting the signal. Here we
now consider the limits. Consider a laser beam passing through a gain medium
collimated such that it forms a beam waist at the output facet (Figure 6.1).

To minimise the ASE travelling with the beam to the detector we can place an
aperture stop at the output facet with a radius, a, equal to the beam radius. The output
beam diverges by diffraction at a half angle, 6, given by:

A

= (6.6)
na

For small angles, 8, this corresponds to a solid angle, Qryn,:

2 12
Ao o Ae 6D

Q_ =nsin"G=n18"=
™ mia®  n'd

where A is the area of the aperture and Q. is the minimum solid angle of collection
subtended by the receiver at the gain medium to ensure that the total power of the
signal is detected. For small angles and assuming transmission through a linear
polariser, the minimum ASE power incident on the receiver with the signal is
obtained by substituting Qi for dQ in equation 6.5 and dividing by 2 to give [3]):

P = UG~ 1Lhv.dy = p ydv (6.8)
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where pyge (= p[G - 1]hv) is the spectral power density of the ASE contained within
the amplified signal beam and reaching the detector via a linear polariser. We have
restricted the calculation of the ASE power to a single linear polarisation state because
the primary noise terms arise from beating between the ASE and a linearly polarised
signal. Only the E Field components in the ASE which are polanised paraliel with the
signal E Field result in non zero beat terms. For unpolarised ASE power the right
hand side of 6.8 is simply doubled.

At first sight equation 6.8 is rather confusing. The population inversion factor p
increases with decreasing population inversion. Equation 6.8, therefore, at first sight,
indicates that ASE increases with decreasing population inversion, whereas,
intuitively, we would expect the opposite. However, as pt is decreasing with
improving population inversion, G = exp[y1] (v is given by equation 3.9} is increasing
much faster. Hence, P45 does indeed increase with improving population inversion.

For a single mode optical fibre the collection angle is equal to the angle of divergence
of the emergent beam due to diffraction, as given by equation 6.6, corresponding to a
solid angle given by equation 6.7. This means that spontaneous emission in an optical
fibre amplifier is collected by the fibre with a solid angle, {25, given by equation 6.7.
Hence, the ASE power per frequency interval dv propagating in the fibre with the
signal, polarised in the same direction as the signal and inseparable from it, is given
by equation 6.8.

At the output of an optical amplifter, the total optical power, Pg, incident on a receiver
is thus the summation of the received signal power, Ps, and the total ASE power,
pase-Bq, which has accumulated from the amplifier:

Py=Fs+p B, (6.9

where B, is the optical bandwidth of the system or of an optical filter placed in front
of the receiver.

The presence of the ASE gives rise to additional optical noise terms at the receiver
output, over and above signal shot noise current. The ASE has its own shot noise, and
it beats both with itself and the signal in the square law detector to generate ASE-ASE
beat noise and signal-ASE beat noise. These optical noise components must be
considered in addition to the intrinsic noise of the receiver which is usually dominated
by thermal noise from the load resistance.

Noise is characterised by the variance of the current fluctuations, o, equivalent to the
mean square current fluctuation, (r’ z). The noise sources discussed above are
uncorrelated and the total variance of the receiver current fluctuation, o, is simply
the sum of the variances associated with each noise source i.e.:

O =0+ 0+ 0 1 O e ¥0 40 o (6.10)

where the terms on the right are, in order of appearance, the mean square current
fluctuations (the current variance) associated with therma! noise in the receiver, signal
shot noise, ASE shot noise, signai-ASE beat noise and ASE-ASE beat noise. The
optical noise terms are given by the following expressions [4]:
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oy =2el B, = 2eRP.B, = 2eRGP,8, {6.11)

G 4 = 2ef 1o B, = 2eRP, . B, (6.12)
Os_ase = ARPGR P 0 B, = 4RGP P (6.13)
O pepoass = 2R pLG BB = 2R P Ph (6.14)

where e is the electronic charge, R is the photodiode responsivity (R = ng/hv, 1 being
the quantum efficiency), B, is the receiver bandwidth, B, is the optical bandwidth, Is
and Iasg are the photodetector currents arising from the signal and ASE respectively,
Py is the signal input power to the amplifier, Ps is the received signal power and PJs.
(Pase.B;) and Pl {pase-B.) are the single polarisation ASE powers in the optical and
electrical (receiver) bandwidths respectively.

The shot noise and thermal noise expressions are well known and their derivations
may be found in most text books on optical communications[7]. The two beat noise
terms[4, 5] are more particular to systems using optical amplifiers and are less
familiar. These terms[5] are thus derived in Appendix A.

Clearly from the expressions 6.1} - 6.14, for any significant level of gain, G, and
input signal, Pe, the signal-ASE beat noise and / or the ASE-ASE beat noise terms
represent the largest optical contributions to the total noise. In most applications of
optical amplifiers, one or other or both of these noise components limits the overall
performance of any system. Hence, for most applications the received signal to noise
ratio, SNRy;, at the output of an optical amplifier is:
(RGR)*

SNR o = 4R*GR, P, +2R*PY P2 @13
For some applications, particularly for low signal levels and when the amplifier is not
in saturation, the ASE-ASE beat noise becomes important or even dominant and we
can neglect the first term in the denominator. However, in many more applications the
amplifiers have significant output signal levels and operate in or near saturation,
implying that we can neglect the second term. In such cases the received SNR is given

by:

SNR_<ts ___fs __(RGR) _ GR (6.16)
() Osas 4R'GRp, B, 4Pl .

6.2 The Noise Figure

Often it is convenient to characterise the noise and SNR of optically amplified
systems using a parameter known as the amplifier noise figure, NF [4]. NF is the ratio
of the optical SNR at the amplifier input to the optical SNR at the output, as detected
by a receiver whose intrinsic noise level {thermal noise) is less than the aptical noise
in both cases. The optical noise at the input is simply the signal shot noise and the
SNR (using eqn. 6.1 and R = e/hv, =1} is given by:

2
g, = RBY _ A,
2eRP,B  2hvB,

{6.17)
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Using 6.16 the noise figure is given by:
SNR, B / GP, _ 2Pk

NF = o= 2 =
SNR 2hvB, [ 4P;, GhvB,

(6.18)
owi
Substituting P2, = p .5, , using equation 6.8 and assuming significant gain, G>>1,
gives:

NF =2p (6.19)
This implies that the minimum possible noise figure is 2 (3dB) for an ideal amplifier
having a complete population inversion (i.e. Ny = 0, p = 1). That is, even for an ideal
amplifier, the output SNR is degraded by 3dB relative to the input SNR. Typically, in
practice, amplifiers operate with a noise factor greater than 3dB, and it can be as high
as 7-8dB. If the noise figure is known under the conditions at which the amplifier is
operated then we can use it to calculate the output SNR. Applying 6.17 and 6.18,
SNR in terms of the noise figure is:

SNR, = —2 —
2hvB, NF

It must be noted that the noise figure varies as a function of the precise operating
conditions of the amplifier, particularly as regards the signal power relative to the
saturation power, but also as regards the pump power relative to the saturation pump
power. To be useful in expressions such as 6.20, the variation of the noise figure must
be known as a function of these parameters.

(6.20)

The noise figure, of course, can be measured simply by measuring the input and
output SNR as a function of the amplifier operating conditions. However, it can also
be determined by measuring the full optical output spectrumn of the amplified signal
plus ASE and carrying out the appropriate analysis. From equation 6.18, assuming
that Signal-ASE beat noise is dominant, NF is given by:
_ 2Pk
GhvB,

From measurements of the total ASE power and the ASE spectrum (Figure 6.2) we
can rteadily calculate P, (i.e. the ASE power within the receiver bandwidth).
Measurement of the Gain then gives all the necessary information to calculate the
noise figure.

6.21)

In many systems the ASE-ASE beat noise is significant and must be included in the
measurements of noise figure and expressions for SNRgu:

(RGE)'

SN R = KGR, P2, + 2R P I Py 622)
and
NF o P (AR*GF,PY, + 2R* Pl Plz)
= St
2hvB,(RGP,) 6.23)

2P PP

" GhvB,  G'P.hv,
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Again, measurement of the total ASE power, plus the ASE spectrum and the gain
allow the noise figure to be calculated.

1000.00 e

100.00

10.00

1.00

Relative Optical Power

610

0.01
1500 1520 1540 1560 1580 1800

Wavelength {(nm)

Figure 6.2: ASE power spectrum showing the ASE falling within the bandwidth of the
receiver, B,,. PA,;EB’ is integral of the ASE spectrum over the shaded area.
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7. THE ERBIUM DOPED FIBRE AMPLIFIER - EDFA

7.1 Structure and Principles

With 1550nm becoming the preferred choice of wavelength for long haul optical
communications systems in the late 1980s, optical amplifiers at 1550nm {4, 8] became
an obvious R & D goal. Spectroscopic studies had shown that Erbium atoms may be
suitable as an active 3 level species for optical amplification at 1550nm. Figure 7.1
shows a partial energy level diagram for erbium atoms doped into a glass host. The
broad band of levels denoted ‘I3, are metastable with long spontanecus emission
lifetimes in the region of a few ms and transitions to the ground state produce photons
in the wavelength range 1520-1580nm providing the possibility of optical
amplification centred on 1550nm. It was found that the population of the *I,5, levels
could be pumped by irradiation at 980nm or 1480nm. Photons at 980nm are absorbed
by ground state atoms which make the transition to energy level *I;.

"l

Tan

980nm

1480nm 1550+30nm

‘Iisa V

Figure 7.1: Energy level diagram and pumping scheme for erbium doped silica glass
- a three level system giving gain at ]550430nm.

Further non-radiative transitions from the *I;; level to the *Ijs level are very rapid
and the population of the *I;;; metastable levels builds up. Alternatively, irradiation
by 1480nm light allows direct pumping into the upper levels of the *I;3» band with
rapid transitions to the lower, long lived levels allowing this pumping scheme to
operate as a quasi 3 level system. Three level systems with the ground state as the
lower gain state require very strong pumping to achieve a population inversion and
the erbium doped glass system is further impaired by the inability to achieve high
doping concentrations, implying the need for long lengths of material to achieve
significant gain. Consequently, amplifier configurations using bulk optic gain media
failed to produce significant levels of gain for any practical levels of pump power.
The key to success artived with the development of techniques for doping significant
concentrations of erbium into the core of single mode silica fibre. Longitudinal
pumping by launching 980nm or 1480nm light into the end of the fibre resuited in
useful gain at practical pump powers and fibres were developed to provide single
mode guiding at the pump and signal wavelengths. The vastly improved efficiency
relative to bulk systems arises from the high pump intensity, low extraneous signal
and pump power loss, strong confinement of the pump light within a single guided
mode over long lengths of gain medium and strong overlap of the single mode signal
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light with the gain volume. With such advantages, gain efficiencies in excess of
3dB/mW were found to be readily available. Following such proof of practical
operation, semi-conductor lasers tailor made for efficient launching of 980nm and
1480nm light into single mode erbium doped fibres were developed and optimised. [n
addition, fibre designs evolved to provide optimum pump / signal overlap as well as
mode matching to standard telecommunications fibre for low loss splicing.
Recognition of the advantages of EDFAs and rapid development of the design
features discussed above ensured the deployment of EDFAs in long haul systems as
early as 1994 which is remarkable considering proof of principle as recently as the
late 1980s.

SOLATOR

SIGNAL INPUT SIGNAL OUTPUT
Figure 7.2: EDFA diagram

The basic structure of modem EDFAs[4, 8] is shown in Figure 7.2. Standard fibre
pigtails are spliced onto the erbium doped fibre and the necessary ancillary
components are then spliced onto the ends. The pump light {usually 980nm as shown
here) is introduced using a 980 / 1550nm fused fibre wavelength division multiplexer.
Most of the pump light is absorbed into the erbium fibre length providing the
population inversion and amplification of the 1550nm signal. FExcess pump light is
removed by the 980/1550nm demultiplexer at the output end. As shown in Figure 7.1
single end pumping is usually co-directional with the signal as this geometry
minimises the ASE propagating in the signal direction. With single pass gains of up to
40dB being readily available and often used, it is necessary to include at least one
optical isolator in the system to prevent amplification of any down stream feedback
from splices, connectors, terminals etc. In addition, isolators prevent the strong
tendency of even low levels of feedback from within the components of the amplifier
to induce oscillation (laser action), which serves to increase the noise and reduces the
net signal gain. In some systemns, low coupling ratio fused fibre taps are included to
enable monitoring of the amplifier output, input and pump, with feedback control to
the pump power to ensure constant signal output power. Also, narrow band optical
filters centred on the signal are sometimes included to limit the optical bandwidth of
the ASE reducing the total ASE power and its resultant noise. For very high gain or
high output power applications two lasers are used to implement bi-directional

pumping.
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7.2 Gain Characteristics of EDFAs

The waveguide geometry of EDFAs provides extremely high pumping efficiency and
near optimum signal interaction with the pumped volume over long lengths, resulting
in high gain and high saturated output power relative to the pump power. Stark
splitting and atom phonen interactions in the erbium doped glass system result in
significant broadening of the ‘I 32 level in the erbium ions. This results in broad band
spontaneous emission and broad band gain over a range of wavelengths from 1520nm
1o 1580nm. Figure 7.3 shows the small signal gain versus wavelength for an EDFA
pumped by 50mW at 980nm. It is this broadened gain characteristic which makes
EDFAs suitable for wavelength division multiplexing. At the peak of the gain
characteristic, single pass gains in excess of 45dB have been achieved and practical
amplifiers are deployed routinely with gains in the region of 20 to 35dB at around
1550nm, For 980nm pumping, saturated output powers in excess of 30% of the pump
power are possible and at 1480nm this figure is in excess of 50%. (Note: the saturated
output power is defined as the output power for which the gain of the amplifier has
dropped by -3dB relative to the small signal gain),

Relative Gain

1300 1320 1540 1580 1580 1800
Waveisngth {nm}

Figure 7.3: Gain spectrum of EDFA

The variation of the gain, cutput power and saturated output power with pump power
and input signal level are impottant characteristics of EDFAs. A useful insight into
the general forms of these characteristics may be gained from the analysis presented
above for bulk optical amplifiers, whilst remembering that longitudinal pumping is
the primary operational difference. One immediately obvious consequence of

longitudinal pumping is the existence of an optimum length of gain fibre for a given..

pump power. In a longitudinal pumping geometry the pump power decreases
exponentially along the length of the fibre as the power is absorbed according to
Beer’s law. Hence, the gain coefficient is distance dependent. If the doped fibre is too
long the power at the end furthest from the pump source is insufficient to create a
population inversion and that part of the fibre acts as an attenuator. Reducing the
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length from this condition results in increasing gain until we reach the optimum length
at which the pump power at the end of the fibre is just sufficient to achieve
transparency. Here, the gain is optimum and further reductions in length lead to
decreasing gain. Once the optimum, or near, but slightly less than optimum length is
chosen, the amplifier must be fully characterised.

In the laboratory exercises associated with these notes you will investigate the gain
and power characteristics of an optical amplifier measuring parameters such as the
gain gradient, the gain efficiency, pump and signal saturation effects etc. In addition,
you will be asked to explain the form of each characteristic in terms of the physical
principles of optical amplifiers as described above. To complete these notes add your
measured characteristics and your discussions of their forms as Appendix B

7.3 Noise Characteristics and SNR

The theory of noise in optically amplified systems developed in Section 6 and in
Appendix B is directly applicable to systems using EDFAs in which the detection
process is optical noise limited (i.e. receiver thermal noise is small). In such systems,
the noise at the receiver output is determined by the summation of ASE-ASE and
Signal-ASE beat noise which are the dominant sources of noise in optically amplified
signals. Hence the SNR at the receiver output is given by {see Section 6 and Appendix
A):
(RGR,)’

NR = .
SNRow AR*GEPL + 2R Pl Pl .0

For low output signal levels and / or broad optical bandwidth (no optical filtering) the
noise is dominated by the second term in the denominator (ASE-ASE beat noise).
With growing signal levels and / or reduction of the optical bandwidth the Signal-ASE
beat noise becomes dominant and the receiver SNR is given by:

2
G

o - (FORY __ GR
AR°GRp B, 4P

{7.2)

Equations 7.1 and 7.2 cleatly indicate the importance of reducing the level of ASE
arriving at the receiver, and anything we can do to minimise it improves the SNRoy.
The most common approaches to ASE reduction are the use of a narrow band optical
filter centred on the signal wavelength and, where possible the insertion of 2 polariser
aligned to the signal polarisation state, thus rejecting 50% of the unpolarised ASE.
Lowering the gain also reduces the ASE level (equation 6.8) and in some systems
where it is necessary to limit the levels of ASE it is better to operate with larger input
signal levels and lower gains to achieve the required output power.

Increasing the signal input level to an optical amplifier eventually leads to significant
depletion of the population inversion and the gain. This is referred to as gain
saturation. As the amplifier operation moves into gain saturation, depletion of the
population inversion leads to reduction of the ASE. Under such operating conditions
the optical noise for single amplifiers is dominated by Signal-ASE beat noise and the
output SNR is given by equation 7.2. In systems using multiple amplifiers (amplifier
cascades) this also reduces the build up of ASE power which, if unchecked in large
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systems, ultimately outgrows the signal and takes up more of the gain from
subsequent amplifiers. Another advantage of operating in gain saturation is the self
correcting effect it imposes on the output signal power for variation in the input signal
power. Larger input signals experience less gain and vice versa. Hence, for small
variations in the signal input power the output remains constant. For these reasons
optically amplified systems are often designed such that the amplifiers operate in gain
saturation.

As noted in Section 6, the noise figure, NF, can be useful in calculations of the output
SNR of a system using optical amplifiers, provided that it is known for the precise
operating conditions of the amplifiers(s) i.e. signal and pump levels relative to
saturation powers, If indeed, the noise figure is known then the output SNR of a single
amplifier may be determined from:

)

SNR,, = e (1.3)
2hvB, NF

For this purpose noise figures are either measured directly as a function of the
operating conditions or indirectly by measuring the ASE power spectrum and the gain
followed by a simple calculation using equation 6.21 or 6.23. The theoretical lower
limit on the noise figure is 3dB, as noted in Section 6, and measurements on EDFAs
have realised figures close to this level under small signal gain conditions far from
saturation.

7.4 Noise in Amplifier Cascades

In long distance systems or systems in which there is a great deal of loss, such as
branched distribution networks, multiple amplifiers are inserted at strategic intervals
between the transmitter and receiver(s) to compensate for the losses. In such systems
each amplifier adds its ASE to the signal and amplifies the ASE (reduced by
intervening loss) from preceding amplifiers. Hence, the ASE level builds up through
the system and ultimately determines the SNR and detection limits at the system
output through its participation in Signal-ASE and ASE-ASE beat noise. To establish
the SNR at the output we need to determine the total gain (loss) of the entire system to
calculate the output signal and then we need to determine the accurnulation of ASE
through the system in order to calculate the optical noise at the output[4, 6]. The total
gain of the system, Gy, is the product of all of the amplifier gains times the product of
the total line losses from the system input to the output of the last amplifier. Each
amplifier generates its own ASE of a given spectral density, p ..., where m is the
amplifier number sequenced from the system input. That spectral density experiences
a net gain equal to the product of the total amplifier gains and the total line losses
between that particular amplifier output and the output of the last amplifier. Hence,
the spectral density of ASE, p .. ., at the output of the final amplifier is:

Past-r = Puss-1-Gr + Pasg2-G7 ¥ Pass—n- Gy 74

where there are a total of n amplifiers in the system and Gy, is the net gain between
the output of amplifier m and the output of the final amplifier i.e.

Pusts = 2 PastnCo (7.5}
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Applying equation 7.1, the signal to noise ratio, SNRg, at the final amplifier output is

given by:

_ (RGT.F’H)2
4RZGT‘RJIDASE-RB¢ + ZRzpisz-anB.

SNR, (7.6)

In many systems the amplifiers are equally spaced and the gain of each amplifier

exactly offsets the line loss of the link from the previous amplifier. In such cases,

referred to as unity gain systems, p o ; =#np ;; (2ssuming that all of the amplifiers

have the same gain) and Gy and G, are 1, provided that Py is the launch power from
the transmitter. Hence equation 7.6 becomes:

Pl
SNR, = =
ARnp oo B, +2n°p BB,

PZ

o

T 4PnPE, + 20 P PD,

77

where pasg is the spectral density of ASE emitted by each amplifier in the chain and
Pl and Pfy are the ASE powers emitted in the receiver and optical bandwidths
respectively.

Since the signal and the ASE are attenuated equally by the fibre, equations 7.6 and 7.7
give the signal to noise ratio at the receiver irrespective of its position relative to the
final amplifier provided that the detected signal is optical noise limited (i.¢. the final
fibre section is not long enough to attenuate the optical beat noise terms to such an
extent that they are less than the receiver thermal noise0.

When the Signal-ASE beat noise is dominant equation 7.6 becomes:

G P,
SNR, = — Lo (7.8)
4p e 2B,
and for unity gain systems we have:
P P
SNR, = ——2— = (7.9)

anp B, 4nPl,

In the above equations, n = L/L,, where L is the total link length and L, is the distance
between successive amplifiers and page is given by equation A.1. Taking unity gain
systerns limited by Signal ASE beat noise as an example, this means that the received
SNR may be written:

P P

- o _ 2 7.10
dnp, B, A(L/L).hv.u(G, -1)B, (7.10)

SNR,

where G is the gain of each individual amplifier given by Gy, = exp[tL,] in a unity
gain system, a being the loss coefficient of the fibre link. Hence, rewriting equation
7.10 we get:

E

MR = LT Ly hv o (explad, ]~ DB, (.11
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Let us examine the dependence of SNRy on the distance between amplifiers. As we
reduce Lo, n increases linearly with 1/L,, but exp[al,] decreases much faster.
Assuming all other parameters remain constant (although, p increases with decreasing
gain but only very slowly), equation 7.11 indicates that the received SNR at a given
fixed link length improves as we increase the number of amplifiers and reduce their
gains. This is consistent with the fact that reducing the gain of an amplifier reduces
the ASE level emitted and hence the noise at the receiver. Alternatively, for a required
SNRy at the receiver, this means that we can transmit further if we reduce the
amplifier spacing. The amplifier spacing and gain setting are thus crucial parameters
in achieving the desired SNRp at the required link length. Aithough we have
developed this argument for 2 unity gain system limited by Signal-ASE beat noise it
also applies to all other conditions.

7.4.1 Noise Figures for Amplifier Cascades

An effective noise figure, NF.q, for an amplifier cascade may be readily determined
by substituting equation 7.6 into 6.20. In this instance, however, we will define the
system input power (denoted here as P;’) as that immediately before the first amplifier
in keeping with the definition of noise figure. This is perfeetly valid as equation 7.6
applies generally with any definition of the input power. The result is:

ARG P PS +2RPP P _Piu s

. 7.12
Neg 2hvB, (RG,P) a1
_2PusnB,  PiscrB, (7.128)
hvG B, = hvP,G}
2
Z pm-,, 2 Pass—n)_ (7.12b)

G th =LA (g

where G is the gain of each individual amplifier and Gum is the accumulated gain
(including losses) from the input of the first amphf er 1o the input of the m™ amplifier.
In a unity gain system (described above) Gy is | and equation 7.12b becomes:

2P s5em , B Plss.
Fy =ty o AT 7.13
N AvG hvP.G? .13)

For systems in which the noise is dominated by Signal-ASE beat noise, we can write:

.
22 Pess-m

NF, =—""L——o 7.14
77 GG @19
and by comparison with equation 6.21, we obtain:
NF, NF NF,
= NF, — e .
NFy Yt e (7.15)
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For unity gain systems dominated by Signal-ASE beat noise, G is 1 and the
effective noise figure is simply n times the noise figure for an individual amplifier
(Ner = nNF).

Given that we can establish the noise figures of individual amplifiers under their
prevailing operating conditions and the cumulative gains across the appropriate
sections of the system, then we can establish the effective noise figure for the entire
system. By analogy with equation 6.20 it is then a simple matter to determine the
received signal to noise ratio, SNRg, as

.

F,
NRy = 7.16
SNy 2hvB,.NF (718)
where generally Neg is given by equation 7.15.
For unity gain systems the received signal to noise ratio is then given by:
SNR i (717
R 2kvB,.n.NF :

where P is the input power to the first amplifier in the chain.

Again, as for single amplifiers, we can thus use the effective noise figure to determine
the output SNR of an amplifier cascade.
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8.CONCLUSIONS

Following initial demonstrations of principle in the late 1980s, it was quickly
appreciated that EDFAs were highly compatible with 1550nm fibre optic
telecommunications systems and that their potential performance could significantly
enhance such systems by providing high gain, excellent reliability and low power
consumption. In addition, they proved to be bit rate transparent and wavelength
transparent (within their optical bandwidth), implying that system capacities could be
increased by increasing the bit rate capabilities of terminal equipment or by
introducing wavelength division multiplexing. For these reasons EDFAs were
developed from proof of principle to fully engineered products for deployment under
the ocean in about 6 to 8 years. Of course, EDFAs provide only gaim but do not
reshape the signals which spread and degrade by dispersion. However, with the
advent of dispersion shifted and dispersion compensating fibre, the dispersion limits
have been extended dramatically even to transoceanic distances. EDFAs have thus
found numerous applications, tumning previously attenuation limited systems into
much higher performance dispersion lirniled systems. They have found use as:

s Periodic in line amplifiers using multiple amplifiers in long haul trunk and
transoceanic systems

* Pre-amplifiers in front of receivers to enhance their sensitivity

¢ Power amplifiers in front of transmitters to increase the launched power

* In line amplifiers in branched networks to compensate for splitting losses
in higher order branches and

¢ various combinations of the above in a single system.

As such EDFAs represent one of the most significant single developments in fibre
optic telecommunications in the last decade.
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