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Abstract

This thesis studies characteristics of signal and noise propagation in an optical bidirectional

transmission system with cascaded erbium-doped fibre amplificrs (EDFAs).

Properties of a single amplifier under small signal regime, saturated regime and

bidirectional transmission of multi-wavelength signals are studied and presented.

A model for signal and noise propagation in a bidirectional cascade of amplificrs is
developed. A computer simulation is coded based on the mode! equations to simulate
multi-wavelength bidirectional transmission in a cascade of optical amplifiers. The
simulation yields reasonable agreement with experimental results. We noted that accuracy
of parameters such as the emission and absorption cross scctions of the erbium-doped fibre

(EDF) is important to achieve good agreement between experimental and simulated results.

A series of laboratory experiments were done to study performance of bidirectional systems
with EDFAs and explore the behaviour of the amplifiers under such operating conditions.
From the experimental results obtained, we learned that accumulation of amplified
spontaneous emission (ASE) and Rayleigh backscattering in the {ibre have an important

effect in compressing the amplifier gain in an open cascade of amplificrs.
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1. Introduction

Optical telecommunications have obvious advantages over conventional methods of
transmission of information. The technology for manufacturing optical transmission glass
fibre is now well in hand and has brought attractive features. The optical carrier frequency,
being around 10" Hz, brings a greater potential transmission bandwidth than is possible in
metallic cable systems which operate at frequencies up to 500 MHz. Most of this large
available bancwidth has yet to be utilized. The low transmission loss of optical fibre (0.2
dB/km to 0.25 dB/km) is one of the main advantages of optical communications. lLong
distance transmission links with wide repeater spacing can be achieved. Despite the iow
loss of optical fibre, periodic signal amplification is still necessary to compensate for
transmissicn losses in long-haul fransmission systems or splitting losses in subscriber loop
networks. In this introductory chapter, we will present the evolution of signal
amplification in optical transmission system from the use of clectronic repeaters to

bidirectional systems using erbium-doped fibre amplifiers.

1.1 Transmission systems with electronic repeaters

In long-haul telecommunication systems, repeaters have to be installed periodically in the
link to compensate for transmission loss. Figure 1.1 illustrates the way an electronic
repeater works.

Attenuated Equalizer

and distorted ——
signal Low nois P S ~ — f ical
e | preamplifier y T circul s::x l')‘g:(!lc o >
) Regenerated signal
Optical

Iptic to the fibre link
Clock gnulttcu::
Extraction *

Detector

Figure 1.1 - Schematic of an electronic repeater

The digital signal, after travelling through a fibre link, is attenuated and degraded by noise
upon entering the repeater. The optical signal is first detected and converted to an electrical
signal, which is then amplified and reshaped using an equalizer. Clock information is
extracted from the amplified and equalized waveform for precise operation of the
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regenerator circuit. The originally transmitted pulse train is reconstituted and retransmitted

by an optical source to the fibre link.

The use of repeaters ucreases the cost and complexity of a communication system.
Electronic repeaters used to boost and reshape signals after many kilometres of
transmission are expensive, sensitive to bit rate and require optical-to-electrical conversion
prior to electronic amplification and electrical-to-optical conversion. As an alternative, we
will in the next section look at optical amplifiers to be used as repeaters.

1.2 Unidirectional transmission systems with optical
amplifiers

The advent of optical amplifiers has eliminated some of the system impairments related to
electronic repeaters. Being all-optical devices, optical amplifiers do not perform
optical/electrical conversion, and are transparent to bit rate allowing the system to be
upgraded to higher data transmission speed by replacing only the transmitter and receiver
and not the amplifiers in the link. Semiconductor laser amplifiers and erbium-doped fibre
amplifiers are two types of optical amplifiers in use today. We will study here exclusively
erbium-doped fibre amplifiers. Figure 1.2 presents a diagram of an erbium-doped fibre
amplifier.

Erbium-doped fibre
Input signal (gain medivm) Amplisled signal

Bsssssssg
R S St RN )Y X

Residual pump

Pump laser

Figure 1.2 - Erbium-deped fihre amplifier

The input signal is comuined :¢h light from a pump laser through a wavelength division
multiplexer (WDM). The #¢sium-doped fibre exhibits gain under pumping and the signal is
amplified along the doped fabre. At the output, noise internally generated by the amplifier
is added to the amplified signal.
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Erbium-doped fibre amplifiers have been studied for several years [1]-[4] and have proven
effective in amplifying optical signals over a wide range of wavelengths (1530 nm to 1560
nm) and bit rates [S] . The use of wavelength division multiplexing in conjunction with
erbium-doped fibre amplifiers [3] has also helped in increasing transmission capacity.
Transmission over very long distances [6] has been achieved using erbium-doped fibre
amplifiers. These devices, and other types of optical amplifiers, have received much
attention in recent years and have been studied extensively so that we have come to
understand their properties and main applications [4]-[10]. In unidirectional optical
transmission systems, cptical amplifiers can be either used as pre-amplit s, posi-
amplifiers, or in-line amplifiers, as shown in Figure 1.3.

Fibre link

Transmitter Pre-amplifier Receiver
(a)
Fibre link

Transmitter Post-amplifier Receiver
®)

: Fibre link Fibre link

Transmitter In-line amplifier Receiver

(c)

Figure 1.3 - Applications of optical amplifiers in a transmission system. (a)
Pre-amplifier, (b) Post-amplifier, (c) In-line amplifier.

Pre-amplifiers are positioned before the receiver to iinprove receiver sensitivity. Post-
amplifiers, or power amplifiers, are used after the transmitter to increase the power of the
transmitted signal to be launched in the system. In-line amplifiers are used to compensate
for transmission losses and to boost the signal for transmission further along the link. In
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unidirectional systems, optical isolators are used to prevent backreflections from splices
and connectors and backward propagating amplified spontaneous emission (ASE) which
would degrade system performance. Narrow optical bandpass filters centered at the signal
vavelength are also used to limit the amount of ASE propagating down the link.

Erbium-doped fibre amplifiers also have drav.”.acks in comparing to electronic repeaters.
As opposed to electronic repeaters, where the signal is regenerated, amplified, and
retransmitted noise-free, and hopefully error-free, in systems where optical amplifiers are
used, both noise and signal distortions are continuously amplified along the link.

1.3 Bidirectional transmission systems with erbium-doped
fibre amplifiers

More recently, interest has grown in using erbium-doped fibre amplifiers in bidirectional
transmission. Bidirectional transmission allows propagation of signals in two directions
over a single fibre. Different schemes for bidirectional transmission have been presented in
the literature to date. One group used intensity modulation of the amplifier pump laser to
transmit bidirectionally [11]. Another group used bidirectional amplifiers [12], a variation
of the conventional amplifiers permitting separate amplification of the two signals and
bandpass limitation of the propagating noise and backreflections along the fibre link. Some
others used fused fibre wavelength division multiplexers [13] or 3 dB couplers [14] to
transmit and/or receive bidirectional signals over a single fibre in an optical transmission

system.

In this thesis, we will study bidirectional transmission systems like the one shown in
Figure 1.4 where optical circulators are used to transmit and receive signals at each end of
the link.



: Pre/post In-line Pre/post
Trammltter | amplifier amphﬁer amplifier Transmitter 2

‘—WFlbre lmkN Fibre link NQ_C}_‘S?
zs

Recelver 2 Receiver |

Figure 1.4 - Bidirectional transmission system with erbium-doped fibre
amplifiers

In bidirectional systems, contrary to unidirectional systcms, isolators cannot be uscd
without affecting the transmission of one of the two contra-propagating signals. The use of
narrow bandpass filters around the signal wavelength within the link is gencrally not
possible either since the fiiter bandwia.n would have to allow propagation of signals at
different wavelengths. ¥V sv.  not *:se any bandpass filters in the link to ¢~ w:ct amplifier
noise even if it could be < - * .iis will impose more limitations on th:  «stem since
more noise and spurious retlecu. . » are now free to propagate.

The erbium-doped fibre amplifiers can. in bidirectional systems as well as in unidircctional
- systems, be used as pre-amplifiers, post-amplifiers, or in-line amplifiers. In this thesis, we
will study erbium-doped fibre amplifiers and their applications in bidircctional transmission
systems.



1.4  Organization of the thesis

The research objective of this thesis is to study optical bidirectional transmission systems
with cascaded erbium-doped fibre amplifiers. The properties of erbium-doped fibre
amplifiers under bidirectional transmission and the propagation of signal and noise and the
quality of received signals in bidirectional transmission systems will be assessed. Chapter
2 will present important properties and characteristics of erbium-doped fibre amplifiers to
help understand the behaviour o! a single amplifier on its own before assessing its
performance in a transmission system. Chapter 3 will look at a model of signal and noise
propagation in optical bidirectional transmission systems with erbium-doped fibre
amplifiers. A similar study has been done for unidirectional systems [16]: here we tackle
bidirectional transmission. We will present experimental results of bidirectional

transmission in chapter 4, and follow with conciusions in chapter 5.



2. Erbium-deped fibre amplifier theory and
characterization

Before studying bidirectional ti.aismission in cascaded erbium-doped fibre amplifiers, the
first step is to study and characterize the amplifiers on an individual basis. In this chapter,
we will present an overview of erbium-doped fibre amplifier theory and results of an
extensive amplifier characterization. Amplifier gain and amplifier spontancous emission
characteristics are studied. Similar theory derivation and more detailed information can be
found in references [17]-[23].

2.1 Theory

Lasing in the erbium-doped fibre of optical amplifiers is what gives gain to the medium. A
three-level laser system, as illustrated in Figure 2.1, adequately models the Er'*: glass laser
system of the amplifiers. Level 1 is the ground level, level 2 is a metastable level , or long
lifetime, and level 3 is the level to which the erbium electrons are excited by energy transfer
from the pump light. The laser transition occurring between level 2 and level | produces
light whose wavelength is around 1550 nm, which is the spectral region of interest in
optical communications with erbium-doped fibre amplifiers.

2\ R 3

13 A
Pump R, A

M

Figure 2.1 - Three level laser energy diagram

The different symbols in Figure 2.1 represent:

R,3 : pumping rate of erbium electrons from level 1 to level 3
R3; : pump emission rate between level 3 and level 1



A32R . A;,R : radiative decay from level 3

W,,, Wy, : stimulated absorption, emission rates between levels 1 and 2
Az,R : radiative decay rate from level 2 ; A2|R=1/‘c

7T : fluorescence lifetime

Ay™ : non-radiative decay rate from level 2

Energy from the rump light beam photons is absorbed and promotes the erbium electrons
from level 1 to the higher energy level 3. Electrons in level 3 then quickly relax to the
metastable level 2. Stimulated by photons of the input signal beam, electrons in level 2 are
de-excited to level 1, producing a photon of the same wavelength as the input signal: this is
the stimulated emission process that gives rise to gain in optical amplifiers. Noise in the
form of spontancous emission is generated as electrons are spontaneously de-excited from
level 2 to level 1 resulting in the emission of incoherent light. Stimulated and spontaneous
cmission are the two types of radiative decay that will produce light emission from the
doped fibre. Non-radiative decay is also present in the laser system.

The atom population in energy states 1, 2, 3 are here denoted as Ny, N,, N;. The total

laser ion density being
p=N;+Ny+N3; (2.1)

Assuming that the spontaneous decay from level 3 is mainly non-radiative (Agp R >>
A32R,A3,R) and that the decay from level 2 is mainly radiative (AzlR >> AleR), we can write
the atomic rate equations corresponding to the level populations:

dN

-al--‘- =R 13N; +R3N3 - W, Ny + Wy Ny + AN,

dN,

T=W12N1 -Wo1 Ny —A1N; +A3;N3 (2.2)
dN

Tﬁ-=R13N1 - R31N3-A3N;

where A21=A21R and A32=A32NR.

Considering steady-state regime, where the populations are time invariant, and assuming
that the non-radiative Jecay A;; dominates over the non-radiative decay rate R3; and the
pumping rate R;3, we can write an expression for the !evels population.
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_ 1+W21'C
p1+RT+W12T+W2]T
_ RT+ Wy
pl+Rr+W,2~c+W21'c
N3 =p'—N1 ’—Nz =0

N,

N,

with R=R}3.

If, for the moment, we ignore spontaneous emission, then when a light beam of intensity I,
at wavelength A passes through a medium, such as erbium ions in a fibre of thickness dz

and atomic population densities N; and N,, the intensity change is given by:

dz

— —_—
Is(v,2) I (v,z)+dI(v,2)

Figure 2.2 - Propagation and amplification of light in optical amplifier

dlg ={6 ¢ (As)N, — 6, (AN }I((v,2)dz (2.4)

where ©, : emission cross section
O, : absorption cross section

The gain coefficient is given by:

g=0(Ag)Ny ~0, (AN, (2.5)
so that we can now express the intensity change as:
s _ a1, (2.6)

dz
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We can write an equation for the rate of change of optical power as light propagates along

the fibre in the guided mode. The signal propagation equation is given as:

‘g:s = [{0c (A )N, (1,8)-0 , (A )N (1,0)}15(r,8)rdrd®  (2.7)
A

The generation of optical noise comes from the spontaneous de-excitation of the erbium
atoms, emitting photons with no coherence characteristics with respect to the incoming
signal light. A fraction of the spontaneously emitted photons are collected and amplified by
the fibre amplifier and form a background noise added to the input signal. This
background noise is referred to as amplified spontaneous emission (ASE). There is a need
to derive a propagation equation which includes the effect of amplified spontaneous
cmission. The rate of creation of spontaneous emission power in bandwidth v is given by

123]):

dPsp P
—3E = m 20, (V)] Ny (r,8)I(r,8)rdrdd (2.8)
dz P, A

where P,=hvdv is the power per ASE photon emitted in bandwidth &v, and m, is the
number of transmission modes. In erbium-doped fibre amplifiers, the light propagates in

two different polarization modes and thus m=2.

Combining (2.7) and (2.8), we can write a rate equation that describes the propagation of
the total power at wavelength A as [23]:

dP (A 2
_;_ZS_)_=2TCJ{O'e(A’5)N2(r)[l+ PSO

]~0, (Ag)N{ (r) Hrdr (2.9)

The amplified spontaneous emission at the output of the erbium-doped fibre amplifier can
be expressed =s:

Pasg (v)=2nsphv8v(G v)-1) (2.10)

where n;, is the spontaneous emission factor and can be expressed as [23]):

N,
e Caa——— 2.11
e TIN, - N, @1
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where N=0./G3.

Full population inversion in the amplifying medium is achicved when all the atoms are in
the excited state, or when Ny=0. The minimum spontaneous emission factor, and thus
ASE output, is obtained for full population inversion of the amplifying medium, see
equation (2.11). Complete medium inversion is only possible for three-level systems. An
erbium-doped fibre amplifier pumped at 980 nm corresponds to a three-level system and
thus in this case, ng, mis=1. The spontaneous emission factor cannot have a value lower
than one.

The spontaneous emission factor can also be expressed in a more convenient manner:

POUt

ASE
- PASE 2.12
sp = [G_IRhvAv (2.12)

The optical noise figure, F,,, is defined as the ratio of the input optical signal te noise ratio
to the output signal to noise ratio.

_SNR, (0)

° " SNR, (2) 213

Since the amplifier introduces noise in the system, the output signal to noise ratio is
expected to be smaller than the input signal to noise ratio, SNR,(z) < SNR,(0), so the
amplifier optical noise figure will always be greater than one.

The input optical signal to noise ratio is equal to the mean signal photon number to the
amplifier [23]:

SNR,(0)= (n(O)) (2.14)

The output optical signal to noise ratio is defined as:

G2(2)(u0)
¢’ (z)

SNR ,(2)= (2.15)
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where G(z) is the amplifier gain and o’ the amplifier noise variance.

By replacing the appropriate definitions for signal and noise powers [23] in equations
(2.14) and (2.15) and assuming that we have input signals with Poisson statistics and that
the input signal power is large enough so that Ga(0)> >> N, where N is the ASE photon
number, we get the following expression for the amplifier optical noise figure.

B H+2ng,(2)[G(z)-1]

F,(2)= 5 (2.16)

In the limit of large gain, G>>1, F;=2n,,. The minimum value of optical noise figure for
an erbium-doped fibre amplifier is thus F, ,;,=2, or 3 dB.

The next section presents experimental results of the characterization of an erbium-doped
fibre amplifier.

2.2 Experimental characterization

We are interested in studying the gain, signal, ASE, and noise figure characteristics that
will help to give us a better understanding of the behaviour of EDFAs. In this section, we
present some experimental resuits obtained while extensively characterizing an erbium-
doped fibre amplifier, denoted as amplifier #302. Two other amplifiers were used in
chapter 4 and characterized the same way.

2.2.1 Amplifier gain

We want to study the gain characteristics of an erbium-doped fibre amplifier. The gain
coefficient in the fibre is given by equation (2.5). The gain is obviously wavelength
dependent, but it also varies with signal power and pump power.

To study the gain characteristics of the amplifier, we designed an experimental set-up that
enables us to measure gain, output signal power and inband ASE as a function of input
signal power and wavelength. Gain compression was computed from the data collected
using the set-up in Figure 2.3.
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The set-up in Figure 2.3 is based on the fact that light from the erbium-doped fibre laser

source is linearly polarized and that the ASE coming out of the amplifier is not polarized.
This enables us to separate the signal and ASE components at the output of the amplifier by
using a polarization splitter. The outputs of the branches of the polarization splitter are:

Output ; = GP;,, + ASE), (2.17)

Output, = ASE | (2.18)
1
where ASEj = ASE | = EASE total
Subtracting ( 2.18) from ( 2.17), we can know the gain of the EDFA, the signal output
power, and the inband ASE output power.

The two 90/10 couplers in the set-up provide output ports to monitor the input and output
power to the amplifier. The tunable bandpass filters limit the ASE to a bandwidth of 1.4
nm around the signal wavelength; both filters are of the same brand and type and were
measured to have the same equivalent bandwidth of 1.4 nm. Figure 2.4 shows the optical
bandwidth of the bandpass filters used in the measurements. The data in Figure 2.4 were
obtained by fiitering the light from a broadband source, in this case an LED, which has a
constant output power over the spectral range covered by the filter. The equivalent noise
bandwidtih represents the bandwidth of an ideal filter with the same output power as the
actual filter used.
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Figure 2.4 - Bandpass filter spectrum

In the setup shown in Figure 2.3, and in every other setup in this thesis, we used angled
facet physical connectors (APC) with a reflection coefficient better than 60 dB.

In the following sections, we will present results obtained from experimental measurement
taken with the set-up in Figure 2.3. Measurements of output signal power variation with
input power, inband ASE output power, gain variation with input signal power, and gain
compression variations with signal wavelength characterize the amplifier.
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2.2.1.1 Output power variation with input power

The probe sigral input power was varied from -40 dBm to -10 dBm, and the output signal
power and inband ASE were monitored. An example of the results obtained by testing
amplifier #302 with signal at 1536 nm, co-propagating (propagating in the same direction)
with the pump, and pump power of 26 mW is shown in Figure 2.5.
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Figure 2.5 - Signal and ASE power saturation in erbium-doped fibre

amplifier

For small input signal powers, the signal output power increases linearly with input power
until the amplifier reaches saturation while the inband ASE power remains fairly constant.
At high input powers, the output signal power saturates while the inband ASE power
decreases steadily. Both output signal power and inband ASE power depend directly on
the amplificr gain. We will study the gain variations with input signal power in the next

section.
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2.2.1.2 Gain variation with signal input power

The gain of the erbium-doped fibre amplifier is one of its most important characteristics,
along with output saturation power and noise figure. Figure 2.6 shows a graph illustrating
gain variation with signal input power for amplifier #302 with signal at 1536 nm, co-
propagating with the pump at a power of 26 mW.
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Figure 2.6 - Gain saturation of erbium-doped fibre amplifier

At very small input powers, the gain is independent of signal input power; for higher input
powers, the gain characteristic saturates with increasing signal input powers. The output
saturation power (Pg,) is defined as the output power at which the gain has decreased by
1/e or 4.3 dB from its small signal value (G,).

G
Pyt = P;pGat where Gy =-e—°- (2.19)

In Figure 2.6, a saturation power of 2.5 dBm for a small signal gain of 27.4 dB is
measured. The output saturation power is an important characteristic of an erbium-doped
fibre amplifier, since it tells how much output power one can expect out of the optical
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amplifier for 4.3 dB gain compression. We will see in the next section that the output

saturation power is wavelength dependent.

2.2.1.3 Gain compression variation with signal wavelength

We have seen that the gain of an erbium-doped fibre amplifier varies with total input power
to the amplifier. We define gain compression by the difference in gain between the signal
gain for a given input power P;, and the small signal gain, which is the signal gain for an
input power of -35 dBm or less. The amount of gain compression at P;, is thus

AG =G(P,,)-G, (2.20)

The gain saturation characteristic of amplifier #302 with pump power of 26 mW and signal
co-propagating with the pump, for several signal wavelengths is shown in Figure 2.7.
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Figure 2.7 - EDFA gain variation with wavelength
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We can see in Figure 2.7 that the amplifier gain varies with signat wavelength and power.

The output saturation power and small signal gain will also be different for each signal
wavelength. Signals at different wavelengths will thus experience difterent gain
compression for different input powers. Variation of small signal gain and output saturated
power with signal wavelength are shown in Figure 2.8 and Figure 2.9 for amplifier #302
with pump power of 26 mW and signal co-propagating with the pump.
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Figure 2.8 - Small signal gain variation with signal wavelength
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All the data collected about the gain characteristics of the amplifier for different signal
wavelengths now enable us to examine the gain compression behaviour with wavelength.
The gain compression is computed as in (2.20) for cases of input powers P;;=-10 dBm and
P;;=-20 dBm. Figure 2.10 illustrates the variation of gain compression with signal
wavelength and input power in amplifier #302 with pump power of 26 mW and co-

propagating signal and pump.
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Figure 2.10 - Gain compression variation with wavelength and input power
for an erbium-doped fibre amplifier

The gain compression characteristic of an erbium-doped amplificr is an important issuc for
multi-channel transmission with optical amplifiers. Multiplexed signals of different
wavelengths transmitted together on the same fibre will experience different amounts of
gain and gain compression if an EDFA is present in the transmission link. Moreover, the
gain discrepancies will accumulate in cascaded amplifiers.

2.2.2 Ampliiied spontaneous emission

As shown in equation (2.10), ASE is gain dependent and thus varies with signal
wavelength and power, and pump power. To study ASE power spectrum and
compression, we used the experimental set-up shown in Figure 2.11.

The ASE compression experimental set-up is the same as the set-up used for the gain
compression measurements except that the bandpass filter is replaced by a monochromator.
We again use a polarization controller and splitter to separate signal and ASE components.
This time, we are interested in the ASE part of the received light. We measure half of the
forward ASE power at the output of the polarization splitter. The backward ASE power is



22

*I0jeNUANY
feondQ S[qeLIe A (VOA (1958 21q1q padoq-umiqiy 1 - dmas [ejudwiradxad uoisseaduwiod JSV - [1°7 231

JOJBRWOIYIOUOIA
on_nl&&
gelec
Joyejost
ur reondo
4Sv ¢/1+ dD
1
q8v
4SSV /1 premyoeg @ VOA
0O d 191dnoo
I3[[onuod 11803 01/06 ! 01/06
Ionnds

uonesLe[od

vdad
uonesLIe[og



23
measured at the output of the 90/10 coupler before the amplifier. The erbium-doped fibre
laser is used (0 launch a saturating signal in the system: -10 dBm for saturated regime, and
-35 dBm for the small signal regime. We use the monochromator to scan wavelengths from
1530 nm to 1555 nm to measure the whole ASE spectrum.

2.2.2.1 ASE power spectrum

We used the experimental set-up depicted in Figure 2.11 to study the amplifier ASE
characteristics. Figure 2.12 shows an example of the forward and backward ASE output
spectrum of the optical amplifier #302 in small signal regime (input power of saturating
signal at -35 dBm and wavelength at 1536 nm) with pump power of 26 mW and co-
propagating pump and signal.
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Figure 2.12 - Erbium-doped fibre amplifier amplified

spontaneous emission spectrum

ASE is emitted in both directions from the amplifier. We define forward ASE as
propagating with the signal and backward ASE as propagating contra-directionally with the
signal, i.e. in the opposite direction. We noticed that backward ASE power is higher than
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the forward ASE power whether the signal is co-propagating or contra-propagating with
the pump: this is related to the population inversion in the fibre. The amount of ASE power
at the output of the fibre, in both forward and backward directions, increases with pump
power. For high pump power, where the population inversion is high, the difference
betwcen backward and forward ASE power decreases, the backward ASE power being
larger than the forward ASE power [24]. In the case of complete population inversion,
ASE output power in beth direction would be almost equal. In the case of Figure 2.12,
there is a significant difference between forward and backward ASE power because the
fibre is pumped with relatively low power.

2.2.2.2 ASE compression

Since ASE arise from non-lasing fluorescence, it is gain dependent and compressed when
the amplifier is in saturation. Over the ASE spectrum, ASE at different wavelengths will
experience different levels of compression. The amount of ASE compression also varies
with the saturating signal wavelength and power. ASE compression is computed as the
difference between the small signal ASE (small or no saturating signal) and the saturated
ASE power (large saturating signal). Figure 2.13 shows ASE compression variation with
wavelength for different saturating wavelengths for amplifier #302 with pump power of 26
mW and co-propagating pump and signal. ASE compression has, in this case, been
computed as the difference between the ASE powers for saturating signals at -35 dBm and
-10 dBm.
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Figure 2.13 - Compression of amplified spontaneous emission in optical

amplifier

'From our series of measurements, we noticed that backward ASE compression is smaller
than the forward ASE compression in all cases. The difference between forward and
backward ASE compression is smaller for the contra-propagating pump and signal casc
than for the co-propagating pump and signal case. Forward ASE is more compressed in
the co-propagating pump and signal case, but backward ASE is more compressed in the
contra-propagating pump and signal case. A tentative explanation for this phenomenon is

given in Figure 2.14.
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Figure 2.14 - Influence of pump power distribution on ASE generation

The amount of ASE generated in an incremental distance ¢ is larger than the amount of
ASE generated in the same length of fibre £, at the other end of the fibre because
nspL>Nspo since g1 >go (refer to equation 2.12). Furthermore, the ASE contra-propagating
with the pump travels in a direction where the gain is always increasing making the amount
of output ASE contra-propagating with the pump power at end O of the fibre is larger than
the amount of co-propagating output ASE at the end L of the fibre. The next diagram
illustrates the direction of propagation of forward and backward ASE relative to the pump

power.
Co-propagating pump Contra-propagating pump
and signal case and signal case
Pump Signal Pump Signal
> > >
> 3 > &
Forward Backward Backward Forward
ASE ASE ASE ASE

* Forward ASE co-propagating with ¢ Forward ASE co-propagating with
signal and co-propagating with pump signal and contra-propagating with pump

* Backward ASE contra-propagating with * Backward ASE contra-propagating with
signal and contra-propagating with pump  signal and co-propagating with pump
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As deduced from Figure 2.14, ASE contra-propagating with the pump is higher than ASE

co-propagating with the pump. Forward ASE is contra-propagating with the pump in the
contra-propagating pump and signal case and backward ASE is contra-propagating with the
pump in the co-propagating pump and signal case. In each of these cascs, the output
forward and backward ASE respectively is larger and we effectively notice less
compression.

2.2.3 Noise Figure

During the experimental study of the gain characteristic of the amplificr, we measured the
ASE output power and the gain. The spontaneous emission factor can then be computed
from the ASE output power, the gain of the amplifier, frequency of the signal, and cquation
(2.12). Figure 2.15 shows results of ny, measurements for amplifier #302 with a signal at
1536 nm, co-propagating signal and pump, and pump power of 26 mW.
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amplifier
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The optical noisc figure, in decibel, is given by:

NF=IOIOg(F()) (2.2])

where Fy is calculated from equation 2.16.

The optical noise figure, which is gain dependent, also varies with wavelength and input

power.

2.2.4 Bidirectional gain compression

In the previous sections, we looked at self-saturation in an EDFA: a single signal is
launched and acts as a probe and a saturating signal at the same time. In this section, we
will explore another possibility with EDFAs: bidirectional transmission. Optical amplifiers
operating under bidirectional transmission will also exhibit gain and ASE saturation and
compression, but now, two signals are saturating the amplifiers. To study the gain
characteristics of bidirectional amplifiers, we designed the set-up shown in Figure 2.16.

A probe and a saturating signal propagate in opposite directions and both undergo gain in
. the amplifier. The probe is a small signal (-35 dBm) while the saturating signal power is
varied. A combination of a polarization controller and a polarization splitter is used to
separate the ASE and signal components of the output power.

The gain characteristics of the saturating signal are basically the same as in the seif-
saturating case discussed previously since th - 2:dition of a small probe signal does not
have a significant effect on the large saturating signal. Thus, here we will concentrate on
examining the influence of the saturating signal on a small probe signal. An EDFL is used
as the saturating source: its operating wavelength is varied from 1530 nm to 1555 nm and
its output power is varied from -40 dBm to -10 dBm. Two DFB lasers at 1551 nm and
1539 nm are used alternatively as the probe source with an output power of only -35 dBm.
With the experimental set-up illustrated in Figure 2.16, we measured output probe signal
power, forward ASE, probe signal gain, and forward noise figure variations with
saturating signal input power.
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Figure 2.17 shows the signal gain compression in amplifier #302, for two different probe
wavelengths, varying with saturating signal wavelength. The probe signal is launched at a
power of -35 dBm, the saturating signal at -10 dBm; the probe signal is co-propagating

with the pump.

8
— a
a
3 o
= 0  1539nm probe
'% 6 ®  1551nm probe
g
=¥
£ o
: 4 N =" = -
&
=
) 5 .
o S L ] m]
S 4
Dl: ] o
] |
4+ r——r— r—r— ——— r———r
1530 1535 1540 1545 1550 1555

Saturating signal wavelength [nm}

Figure 2.17 - Bidirectional gain compression in erbium-doped fibre
amplifier

As was the case in section 2.2.1.3 for a self-saturating amplifier, the gain compression in a
bidirectional amplifier varies with wavelength. The amount of gain compression does not
only vary with the saturating signal wavelength but it also varies with the probe signal
wavelength.

As we recall from equation (2.5), the gain coefficient of the erbium-doped fibre varies with
the absorption and emission cross-sections and the level population densities. If we define
the relative iriversion as
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_Na2-N,4
= __p__
where N, : population density of level |

D (2.22)

N, : population density of level 2
p: total population density

we can rewrite the gain coefficient as
8= 20 A)4D)-0,(A)(-D)]  (2.23)

The gain compression the amplifier undergoes is the difference between the gain at P, , and
the gain at Py, ,.

8g(0)= EMping ~EMpiny = S{0e ()40, (A)1AD (2.24)

where AD = DIpjp2 - Dipin1

From equation (2.24), we sec that the gain compression is wavelength dependent and will
be different for signals at different wavelengths. This is consistent with our experimental
results. Moreover, our resuits show that the gain compression for a given probe signal
wavelength also varies with the saturating signal wavelength. Comparison of our results
and equation (2.24) leads us to conclude that the relative inversion is wavelength
dependent, thus giving

Ag(?»s)=g-[o(xs)+c(xs)]AD(7»s,ksat) (2.25)

The relative inversion can be expressed as:

RT+W,2'C 1+W21’C :I
D= N2 _Nl _ p|i1+R’F+W12T+W21T]—4:1+RT+W12T+w?_1'z
p b (2.26)
_ RT+ W t—Wy 11
T HRT+WipT+ Wyt




32

In the case of multi-wavelength input power, the emission and absorption rates can be

expressed as [23]:

I P.(z,Vy)
W s"sv:_ < I')
12(r.2V) r%(lmk)r{gat(vk)‘"‘*k( ( 2.27)

Wy (r,z2,v)=1 Wi (r,z,v)

Where g (r) is the mode envelope and Py, (vy) is the signal saturation power at wavelength
Ax. The variation in relative inversion, AD, is thu:. dependent on each and every signal
wavelength entering the amplifier. This not only applies to multi-signal situations but to the

ASE continuum in wavelength.

The results on bidirectional transmission presented in this section show that in bidirectional
EDFAGs, the gain depends on the wavelength and power of both transmitted signals, and
that the sigi.als affect each other's gain. This will be an important fact to conside:

chapter 4 when we experiment in laboratory with a bidirectional cascade of three amp’ fiers.
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3. Bidirectional transmission system modelling and
simulation

Giles and Desurvire published a paper in February 1991 presenting a model for the
propagation of signal and noise in concatenated erbium-doped fibre amplifiers (EDFAs)
[16]. They studied the signal and ASE propagation through a cascade of N identical
amplifiers with optical filters after each of the amplifiers to filter out the broadband ASE.
The model only describes a unidirectional system and does not take into account the
Rayleigh backscattering of the light along the fibre links. In this chapter, we will expand
from Giles and Desurvire's model to study signal and ASE propagation in an open cascade
of EDFAs. The system studied is bidirectional and we take the Rayleigh backscattering
into account.

In section 3.1 we give a brief description of the system under study, we then present our
model in section 3.2, followed by a study of the optical SNR at the receiver end in section
3.3, some numerical applications in section 3.4, and results of computer simulations in
section 3.5.

3.1 System description

The transmission system under study, shown in Figure 3.1, comprises a series of L.DFAs
concatenated with transmission fibre. The amplifiers are not necessarily all the same. No
filters or isolators are present so as to allow bidirectional transmission of signals. In such a
system, the full spectrum of the ASE is allowed to build up along the way and Rayleigh
backscattering of signal and ASE is present along the fibre links. Notions of Rayleigh
scattering are presented in appendix A. We present a model for the transmission of both
contra-propagating signals (the two signals are launched at opposite ends of the
transmission system and propagate in opposite directions; co-propagating signals would be
propagating in the same direction) and ASE as well as the backscattered light along the
systern. With such a model, we can try to assess the impact of Rayleigh backscattering and
broadband ASE in a bidirectional system as well as try to optimize the system parameters.
We will also present equations for the received power and optical signal-to-noise ratio at
each receiver.
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Figure 3.1 - System under study - o; : loss of the ith transmission fibre link ; aR :

Rayleigh backscattering coefficient; 0,c 1,02 : coupling losses; Tx : transmitter; Rx :
receiver.

3.2 Transmission model

To characterize signal and ASE propagation in an open cascade of EDFAs, we have first to
look at the propagation of the different components of the light in the system: signal, ASE,
and backscattered light. For simplicity, we will follow the derivation of the model for a
cascade of three amplifiers and then generalize to a cascade of N amplifiers. Throughout
this thesis we define the forward-propagating signal as light propagating from amplifier 1
to amplifier N, the backward signal propagates from amplifier N to amplifier 1.

3.2.1 System equations for a cascade of three amplifiers

We present here a derivation of the system equation for a cascade of only three amplifiers.
This serves to illustrate how signal and ASE propagate along the cascade aiid to show how
we achieve the derivation of the general N-amplifier cascade model. A bidirectional
cascade of three optical amplifiers is shown in Figure 3.2. Signals with different powers
are launched at each end of the system: Ps in the forward direction and Py, in the backward
direction. Transmission fibre links the amplifiers together and we consider Rayleigh
backscattering along the fibre to be present; the model is restricted to exclude double
Rayleigh backscattering where light undergoes two Rayleigh scattering events and winds
up travelling in the same direction as it started out in.
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Figure 3.2 - Propagation of signal and noise in a three amplifier cascade

There are four distinct components of the forward input power to an amplifier in a
bidirectional cascade (Figure 3.2 for reference):

1) Propagation of Py in the forward direction from its transmitter to amplifier i;
2) Propagation of Py, in the backward direction from its transmitter through amplifier i,

and then Rayleigh backscattered into the input of amplifier i;

3) Emission and propagation of forward ASE from all previous amplifiers (amplifier 1
to amplifier i-1) to amplifier i;

4) Emission and propagation of backward ASE from all the amplifiers then
backscattered into the input of amplifier i.

The forward input power to the first amplifier is then given by

Prin.1 (V)= Pr(V)0ic104 + Py, (V)0 04 G5 (V) 3Gyp (V) 0 Gy (V) Ly
+ ASE (V) 0.y + ASE , (V) 0ty G, (V) Og +ASE (5(V) 03 Gy (V) 0y Gy (V) 0L

(3.1)

Where ASE ¢(v) =20, 6 (V)hVAV(Gg (V)-1) and ASE p;(V)=2np p;(V)hVAV(Gp; (V)-1)

are the forward and backward ASE spectra generated by the ith amplifier in the cascade.
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Now taking a look at the forward input power to the second amplifier, we get

Piin2(V) = Pr(v)ocj0yGe(V)og + Protcp0qGy3(VIN3Gpa (VIOR

+ Pp(v)02004Gp3(V)03G o (V)0 Gy (V)RR Gy (V)0 + ASEg(V)o,
+ASEp(V)op Gy (V)oy + ASEpy(V)og + ASEpy (V)0yGpi(V)opGer(v)oy
+ASEp3(V)0i3Gpa(V)OR + ASEp3(V)03Gho (V)Xo G (VIR G (V)0

(3.2)

In the same way, we can derive an expression for the forward input power to the last
amplifier in the link.

Prin 3(V)=Pr (V)0 00 G £ (V)G £y (V)O3 + Py (V)02 04 G 3 (V)OLR

+Pp (V)02 04 G p3(V) 003G o (V)AL RG 57 (V)OL3

+Pp (V)02 04 G p3 (V) 003G (V)0 G (VARG £1(V)0p Ggo (V) O3

+ASE 11 (V)0 G o (V)03 + ASE £ (V)03 + ASE 1 (VLR G 51 (V)02 G g (V)OL3
+ASE 15 (VIOLg G g7 (V)O3 + ASE 115 (V) 0 G 1 (V)AL RG £1(V) 05 G5 (V) 03
+ASE p3(V)og + ASE 3(V)0t3G pp (VIR G (V)0L3

+ASE j3(V)03G (V)0 G (MORG1 (V)0 Gea (V)0

(3.3)

We can write the input power to each amplifier in a shorter form if we realize that there is a
pattern that enables us to use summations and products. An analysis for the backward
input power to each amplifier can also 1x¢ derived in a similar fashion. Here are the system
cquations for a cascade of three amplifiers.! The next section will look at the general case
of an N amplifier cascade.

3
Pfin,1 (V)= Pg (V)0tc 0t + Py (V)0ic20R T [0 j41Gpj (V)1 + ASEp i (V)oiR
j=1
3 -1
+ 2, {ASEpj(V)aR Jﬂ[akHGbk(V)]}
=2 k=1
(3.4)

! The reader should take note that we used the following definition throughout this paper: a sum () or
product (IT) with illegal limits (upper limit smaller than lower limi*) is assumed to be equal to one.
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3
Pfin 2 (V)= Py (V)0 10 G g1 (V)02 +Py(V) a0k TT10¢ 41 bjWHI+0 3Gy (VG gy (V)
i=2

+{ASE;(V)ap ) +2{ASEbj(V)0lR H [al\-HGﬂ\(V)]{H't { h[amHGtm MG pm (VI
=1 =] p=t m=p
+ASE 3 (V)OLR 03G p (v){lm%Gf](v)G b1 (V)

(3.5)

2
Piin 3= Pr (Voo [TIG (Vo ji ]
j=1

+ Pb (V)aczuRa4G b3(V)

u l\/\s

2
H [0, Gk (VG g (W1

+Z{ASEQ(V) H[Otk] H[Gfm(V)]
3—1 k= J-H m=j+l

|
+ 3 (ASE gVt TT Lo s1G OIS, { 1110211 (WG pm I}
i=1 k=j p=l m=p

(3.6)

Pyin,1 (V)= Py (V)24 []IG g (v)ot ]
j=2

3 m
+P (V)0 0g o G (W{1+ 3, ([0 G (V)G (W)

m=2 k=2
3 J .i"l (3 7)
+ 2, {ASEg;(v) [Tlok ] [TIGpm(WI ‘
=2 k=2  m=2

2

_ASEf(v)ocR{l-f Z { lE[[amem(v)Gbm(v)]}}

j= p=j+1 m=j+1
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2
Ppin,2(V)= Py (V)00 4G p3( V)3 + P (V)0 OR ]‘[[oszﬁ(v)}{Ha%Gm(v)Gb3(v)}
=1

+ASE p3 (V)03 + ASE ) (V)R 02.G 1 (V) [ 1+03G £3(V)G p3(V)

3 3
+3 (ASEgor(H 3 | TTI0AGmMGemWI)
j=2 p=j+l in=j+l

(3.8)

3 3
Poin,3(V)= Pp (V)0i 2003 + Pr (W)t joeg T1104G (W1 + P (Weegiog TTI ;G (V)]
j:] _]=1

2 3
+Z{ASEO(XR H[(XkGﬂ((Vf)]}-l'- ASEf3(V)(XR
j=1 k=j+1

(3.9)

3.2.2 Propagation model for a cascade of N amplifiers

We will now derive a model for the propagation of signal and ASE in a bidirectional
cascade of an arbitrary number N erbium-doped fibre amplifiers. The approach is very
similar to what we did in the previous section for a cascade of three amplifiers, but now we
have an undefined number of amplifiers. Deriving the equations here is just a matter of
expanding the equations of section 3.2.1 to the general case of an N amplifier cascade.

The system under study is shown in Figure 3.1. The contribution to the forward input to
the ith amplifier in the chain due to various sources is given by:

* Propagation of forward signal :

i1
W=Pr (Moo [TIG (Vg1 (3.10)
=1

P

fsig.i



* Rayleigh backscattering of backward signal :
i-1 il
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N
RBpsigi (V) = Py (Ve poy [Tl G+ X ( TTH0E Gk (WG g (01})

j=i m=l k=m

(3.11)

* Generation and propagation of forward ASE :

Piasg,1 (V) =0
i1 i i1
PraSE, (V)=z{2nsphVAV(G tj(V)‘l) [1 [o ] TG, (W)

j=1 k=j+1 m=j+1

3.12)

* Rayleigh backscattering of backward ASE :

i i-1
RBbASE,i V)= Z{ZI’XSP hVAV{ij(V)-l)(X.R I'[[ock“Gik N+
1 k=j

il

j-1 -1
S (02,416 mG oM}
p=1 m=p

N
+ Y {20ghVAV(Gyyj(v)-Dotg [Tlon Gk ) 1+

j=i+l k=i

i-1 i-1
> ( [1(0:241G (VG pm (W11}
p=l m=p

(3.13)
* Total forward input to the ith amplifier :

Pinj = Pgsigi +RBpsigi + Prasgi + RBpasg,i  (3-14)

)
IA
IN
Z
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The contribution to the backward input pawer to the ith amplificr due to various sou:v; is

given by:

* Propagation of backward signal :

N
Pbsig,i(v)=Pb(v)ac2aN+l H[ij(V)Otj] (3.15)
il

» Rayleigh backscattering of forward signal :
i N m
RBigigi (V)=Proiog [Tlo;G )+ X { TTI05Gp (WGw (1N} (3.16)

=1 m=i+l k=i+l

* Generation and propagation of backward ASE :

N j j1
Poask,i(V) = X {20, WAV(G(v)-1) TT [ok] JTIGpm(W]) ISisN-1
j=i+) k=i+1 m=i+]

PpaseN(V) = 0
(3.17)
» Raleigh backscattering of forward ASE :

i-1 i

RByasg,i (V)= {20 vAV(Gg(v)-Dog IT [0k G MI{1 +

j=I k=j+1
N p

S { [Mo2Gm(VMGpm M1}
p=i+1 m=i+l]

N i
+ Y {2ngp hvAV(G g (v)-D)og  J] [0k Gy (VII{1 +
j= k=j+1

N p 2
Y {IonGim (VIGpm(MI}H})
p=j+1 m=j+l1
(3.18)

* Total backward input power to the ith amplifier :

Poin,i = Posigi + RBysig i +Ppasg,i + RBasg,i  (3.19)
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The total input power to each amplifier is the sum of the forward and backward output
power.

Pini = Pfin,i + Poin,i (3-20)

The equations presented in this section are the basc for the system propagation model. One
can use this model to study the influence of Rayleigh backscattering and ASE build-up on
the performance of the system or to evaluate the influence of some system parameters such
as amplifier gain, inter-amplifier link loss, signal power and wavelength. Computer
programs based on the model equations can be writter to find numerical solutions or to
generate simulations of a bidirectional cascade of fibre amplifiers. We present some
examples of numerical applications in section 3.4.

3.3 Optical signal to noise ratio at the receiver end

After propagating through the cascade of amplifiers, both signals reach their respective

receivers. We will here look at the optical signal to noise ratio at the receiver end.
The forward propagating signal will reach receiver 1 at one end of the cascade while the

backward propagating signal will reach receiver 2 at the other end. The received power can
be expressed as

RECI (V)= Pﬁn,N (v)Gm(v)ocN+10Lc2 + ASE f,NaNHacZ + Pb(V)(I(z:z(XR (3.21)

REC (V)= P 1(V)Gpj (V)0 0L + ASEy, 10140ty +Pp (V)G 00g (3.22)

Using equations (3.10) to (3.19), we get



42

N-I
REC,(V)={Pr(v)oc 04 [TIGg(Vetju)
j=1

N-. -l
+Pp (V)00 RON 41GuN(ML I+ Y n[a%ﬁlek(V)Gn:(V)]}}

m=l k=m
N-I
+Z {2nghv AYG(v)-1) H[akl TG (VN
j" k—_]+' m=j+l

=1 -t
+Z {2nsphv AMGg;(v)-Dog Hlak+|Gﬂ<(V)]{1+Z{ [ 10+ Gk (Vo) Gk (Vo )11} G an(V) Ona1 O
j=l k=j =] m=p
+2n hv AYG o (V)-D0ty 10y + Py (V)oo0g

(3.23)

REC, (v)={Py, (V)& 0N ,.1 n [GbJ(V)(X 1+ P (o e goy G gy (W 1+ Z { H[akGﬂ((V)Gbk(V)]}}

j=2 k=2
+ }; (20, hv AYG; (v)-1) n[ak] I'l[Gbm(V)])
j=2 k=2 m=2
N N
+ X {2ng phVAYG g(V)-Day z | H[a 10 im V)G pm (Ve H G, (Moo
j=1 p=j+l m= _|+1

+2n SphVA"(G bi (V)_‘)alacl + Pf (v)ac}aR
(3.24)

If we use a filter of bandwidth B, in front of the receiver to filter out the second signal and

the broadband ASE, we can express the received signal and inband ASE as:

N
REC gignal = Pr (V )0c10tca 0 [IIG (V) ji1] (3.25)
=l

N-1 N N-1
REC, zsg ={ X {2nhv(B,(G(ve)-1) [Tlox] TT(Ggnlvel)

j=l k=jl  m=j+l
N-1 =1 -1
+2{2“spthB (Gyi(vp)-Dog n[(kaGfk(Vm)]U"‘E{ h[azmlem(Vf)Gbm(Vf)]}}} 1Gen (VE)ONg 102
ol k=j p=l m=p

+20y hVeBo (G (Ve =10t 4102
(3.26)
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N
REC) signal = Pb (V) 010N+ [1IG ;1 (3.27)
j=!

N i Fl
REG ase = X {7 uphvpBot (Ve DT " TL - u(vpl)
- 2

=2
N I .
"'E{znspthBo(Gﬁ(Vb)‘l)aR{H b3 3 (VG (VOIHHIG e (Ve )0y 412
j=1 p=i+i m=it

+2nphvp (Gt (Vo J—1) 0

(3.28)

The received optical signal power to ASE power ratio is given by

SAR = ECsignal (3.29)

RECxsE
Equation (3.29) represents the ratio of the received signal power to amplified spontaneous
emission power. The signal to noise ratio at the receiver also includes shot noise, thermal
noise and beat noises in addition to the amplified spontaneous noise [4].

o2 =2eBen(ls +1Iy) (3.30)
4kgTB
Oy = — (3.31)
2 2 Be
GS—SP =4T] ISIN E— (3.32)
o
2B, — B.)B
Glp—sp =2n212N(——°—2—°)—° (3.33)
(o]
where
eREC;
I=——2  and Iy _ SRECAsp (3.34)
thig hVN

and B, is the detector electronic bandwidth, e is the electric charge, 1 is the quantum

efficiency of the detector, B, is the optical bandwidth, kg is Boltzmann’s constant (kg =
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1.38x10™2 J/K), h is Planck’s constant (h=6.626x10J-s), T is an absolute temperature,
and R is the load resistor of the detection circuit. The SNR at the receiver is then given by:

I. 2
SNR = — 2("5)2 - (3.35)
Oihot + Os—sp +Osp—sp + Oy

shot

3.4 Numerical applications

3.4.1 Simple system simulation

A simple simulation of a bidirectional cascade of optical amplifiers can be done by using the
results from our model and the equation for amplifier gain used by Giles and Desurvire
[16].

G =G, expl( I—G)—ll:iL]

sat

whereP. 4 =Py, forG= So

€ (3.36)

assuming G>>1

This equation assumes local homogeneous saturation of the gain and uniform pumping of
the amplifier. A numerical solution can be found by iteration using the two following

equations:
Pin.i = Pfin,i + Poin,i (3.37)
G; = Go; expl(1~G;)Pipi [Psar;i] (3.38)

One has first to assume values for the gain of each amplifier, then use our madel to
compute the input power to each amplifier. The next step is to perform num¢ - cal root-
solving on equation (3.38) to find values for the gain of each amplifier, and then iterate

again until a solution is reached.

This simulation has limited accuracy since it uses a simple approximation forithe amplifier
gain. Better results would be obtained by using a complete fibre amplifier model. The next
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section presents a numerical application of our model in conjunction with a more complete
fibre a:..plifier model.

3.4.2 Erbium-doped fibre amplifier cascade model

In previous sections, we derived a system characterization model giving the input power to
each amplifier in the link as a function of the launched power from the transmitter ends and
the generated ASE. We can express the input power to each amplifier as a function of the
output power of the previous and following amplifiers in the chain.

As shown in Figure 3.3, the input power to a given amplifier in the system is the sum of
the forward output from the previous amplifier in the chain times the loss of the fibre link
between the two amplifiers, the backward output from the following amplifier times the
loss of the fibre link between the two amplifiers, and the backscattering of both outputs of
the amplifier under study.

Tx 1

izl?_:ls\_?;wafd S|

o, P =0 i+l &
g— l? +1 N i+2
o O (=]
<_

Backward

/_—>Rx1
\Z——-S?T“

K,

Figure 3.3 - Propagation of light from one amplifier to the next

The input power to each amplifier is then given by

Pini = Prout,i~1% +(Prout,i +Poout,)AR + Poouti+10i+1

wherePgo 0 =Proicy and Ppoy Nyt = Ppoicr (3.39)

We used equation (3.39) together with a complete erbium-doped fibre amplifier model that
uses the propagation equations in the erbivm-doped fibre to compute the output power and
residual pump of the amplifier [25]. Our model thus simulates the propagation of the
signals at the system level while the model presented in [25] simulates the propagation of
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light in the erbium-doped fibre. The flow chart in Figure 3.4 shows how this EDFA

computer simulation works.

____{ 1. Start iteration loop
——{ 2. Locp in frequency through spectru@

N

3. Step through z from 0 to L; calculate
forward-travelling component using best
estimate of the sum of signal and ASE
powers in propagation equations.

|

4. Step through z from L to 0; calculate
backward-travelling component using best
estimate of the sum of signal and ASE
powers in propagation equations.

L

—( Continue frequency loop)

No
———‘( Convergence? ]

Yes

( Finished )

Figure 3.4 - Flow chart of EDFA computer simulation [25]

A fourth order Runge-Kutta technique taking 50 steps in z is used to solve the equations for
signal, ASE and pump propagation over the entire spectrum of operation of the amplifier.
For each iteration, estimates of each component are taken to be the results of the previous
iteration; zero is taken as an estimate for the first iteration.
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We use the EDFA model in [25] as an element of a system computer simulation. By
combining equation (3.39), from our signal and noise bidirectional propagation model, and
the amplifier model in [25], we developed a bidirectional system simulation illustrated by
the flow chart in Figure 3.5.

A computer simulation was coded in C language based on the flow chart in Figure 3.5.
The ;iower spectral density of the input power to the first amplifier is fed in the EDFA
simulation from [25], which gives, at the output, the power spectral density of the output
power of amplifier one. The forward input power spectrurm is zero except for the forward
propagating signal at Ag; the backward input power spectrum is assumed to be zero in this
first iteration. The output spectrum of amplifier one is then used in equation (3.39) to
compute the input power spectrum to the second amplifier. We repeatedly usc the
simulation in [25] and equation (3.39) to compute the input and output power spectral
densities of each amplifier from the first one to the last one. The same process is then
repeated from the last amplifier to the first one. An overall loop iterates over the whole
system for a fixed number of iterations. As a rule of thumb, we usually use twice as many
iterations as there are amplifiers in the system under study. We present some simulation
results in the next section. It should be noted that the amplifier simulation developed in
[25] simulates the propagation and amplification of light in the etbium-doped fibre only.
Assorted insertion losses from wavelength multiplexers, fusion splices, connectors, and
couplers have to be taken into account when simulating the transmission system. The
simulation code is presented in appendix B.
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3.5 Simulation of bidirectional transmission systems

The bidirectional transmission system computer simulation described in section 3.4.2 was
used to simulate a cascade of three erbium-doped fibre amplifiers under bidirectional
transmission. We studied the performance of the system by simulating the ASE spectrum,
signal power, inband ASE power, and optical signal to noise ratio at each stage. The effect
of variations in system parameters such as signal wavelength and power, inter-amplificr
link loss, amplifier position, and Rayleigh backscattering was also studied.

A basic bidirectional transmission cascade of three amplifiers is shown in Figure 3.6. All
the following results were obtained with variations of the set-up in Figure 3.6. In chapter 4
we will present experimental results obtained in the lab for the corresponding simulation

cases.

APy AP

Rx

Figure 3.6 - Bidirectiona! transmission cascade of three amplifiers

The system parameters for each simulation case are given in Table 3.1.
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se 1|Case 2|Case

System !’Ea 3JCase 4!Case 5[Case 6]Cass 7|Case % Case 9
arameters L I R
At [nm] 1543 [ 1543 [ 1543 | 1547 | 1543 [ 1538 [ 1538 | 1538 | 1543
A2 [nm] 1551 | 1540 | 1551 | 1551 | 1551 | 1540 | 1540 | 1540 1551
P1 [dBm] || -20 -20 -10 -5 -10 -8 -7 =7 -10
P2 [dBm] || -20 -20 -10 -5 1 -10 -8 -6 -6 -10
acl [aB] | 1 [ I I 1 T I T
a2 [dB] | | 1 1 I I 1 T T~ 1
L1 [dB] 0 0 0 0 0 0 8.8 | 8.8 0
L2 [dB] 142 | 142 | 142 | 142 | 162 | 192 1 142 | 14.1 14.2
L3 [dB] 164 | 164 | 164 | 164 | 20.8 | 208 | 164 | 16.4 | 16.4
L4 [dB] 0 0 0 0 0 0 9.3 9.3 0
Pump
power[mW]
1 22 22 22 22 22 22 22 22 22
2 50 50 50 50 50 50 50 50 50
3 50 50 50 50 50 50 50 50 50 |
Pump
direction
1 orward{forward[forward|fforward{forward{forwardifforwardiforwardbackward|
2 Eorward forward{forwardjfforward orward"orwara‘forwardlforwarabforward
3 orward|forward|forward{forward{forward|forwardfforward|forward] forward
ortiasl | o Lo Lol oo | o0 |20l o
2 -31.5 }-31.5 | -31.5 | -31.5 } -31.5 | -31.5 | -31.5 0 0
3 -31.5 | -31.5 }-31.5 | -31.5 | -31.5 | -31.5] -31.5 0 0
4 0 0 0 0 0 0 -33.2 0 0
Il o ool ol o] o |32 01 o
2 -31.5 1 -31.5 | -31.5 | -31.5 | -33.2 | -33.2 | -31.5 0 0
3 -31.5 | -31.5 | -31.5 | -31.5 | -33.2 | -33.2 | -31.5 0 0
4 0 0 0 0 0 0 -33.2 0 0
Table 3.1 - Basic bidirectional transmission system simulation parameters

In the following sections, we will study the influence of the various system parameters
with the nine cases listed in Table 3.1.
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3.5.1 Signal wavelength

The erbium-doped fibre gain bandwidth extends from 1530 nim to 1560 nm. Technically, a
system like the one in Figure 3.6 could transmit any signal fallin3 within the amplifier gain
bandwidth. We saw in chapter 2 that there is a large variation in gain throughout this
bandwidth, so one might want tr: choose carefully the wavelength of the signals to be
transmitted. In this section, we v i: i:nidy two variations of the system in Figure 3.6.

The two cases studied here, cases 1 and 2, are the same except for the wavelength of signal
2 (table 3.1). Simulation of these two systems will allow us to study the influence of
wavelength separation between the transmitted signals.

Figures 3.7 and 3.8 show the forward and backward output spectra at each stage in the
system for simulation case 1. Figures 3.9 and 3.10 display results for the simulation case
2. We can see on these graphs the propagation and Rayleigh backscattering of the two
signals (at 1540 nm, 1543 nm, and 1551 nm), and tlie ASE build-up along the system.
Figures 3.11 to 3.16 show the signal power, gain, and signal to ASE ratio respectively for
both simulation cases.

According to results shown in Figure 2.8, there is about a 1 dB difference in small signal
gain between signals at 1540 nm and 1543 nm, and a 6 dB difference between signals at
1543 nm and 1551 nm. It is thus not surprising to see in Figures 3.11, 3.12, 3.14, and
3.15 that there is a bigger difference between the signal output power and gain of the two
signals in simulation case 1 than in simulation case 2. The signal to ASE ratio characteristic
for the 1543 nm signal is almost the same in both cases. This suggests that the second
signal is of lesser importance in saturating the amplifiers compared to the 1543 nm signal
and the accumulating ASE.

3.5.2 Signal power

We have seen before that the amplifier gain varies with the input power. What effect will a
variation in launched signal power have in cascaded a:~plifiers? To try to answer that
question, we have compared three cases where the only variable parameter is the launched
signal power. We are looking here at case 1, where Py=P,= -20 dBm, case 3, where
P,=P,=-10 dBm, and case 4 where P,=P,= -5 dBm.
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Figures 3.17 to 3.22 show the signal output power, gain, and signal to ASE ratio for cases
3 and 4. Results for case 1 have already been presented.

Looking at the results in Figures 3.12, 3.18, and 3.19 for the gain at each amplifier, it is
not surprising to see that we get higher gain for lower launched signal power since
amplifier gain decreases with increasing input power. For case 1, where the signal is
launched at a power of -20 dBm, the gain is at its highest for both signals. The gain for the
1543 nm signal is then between 12 dB and 20 dB. The inter-amplifier losses, at 14.2 dB
and 16.4 dB, are then comparable to the gain and the signal builds up along the cascade, as
seen in Figure 3.11. The gain of the 1551 nm signal being between 7 dB to 12 dB, the
output signal power decreases along the cascade of amplifiers. When the signal power is
increased to -10 dBm, as in case 3, the gain of both signals is reduced but the output signal
power is increased while the signal to ASE ratio is improved. For a launched signal power
of -5 dBm, as in case 4, the gain is further reduced and the signal to ASE ratio improved.
The gain of the signal at 1551 nm is now below 10 dB and cannot compensate for the inter-
amplifier loss anymore, the output signal power at 1551 nm thus decreases at every stage.

The above results show that a system where L;G;>>1 will more likely permit a constant
output power at every stage. This is best achieved for system with signals in a narrow
wavelength bandwidth since the amplifier gain varies with wavelength while the inter-
amplifier loss does not.

3.5.3 Inter-amplifier link length

In this section, we vary the fibre link length between each in-line amplifier. The amplifiers
should operate less in saturation in a configuration with larger inter-amplifier link losses.
We will look at simulation cases 3 anc 5 where the link losses are:

Case 3: L1=0 L.2=14.2 L3=16.4 L4=0
Case 5: L1=0 L2=19.2 L3=20.8 L4=0

The results for signal power, gain, and signal to ASE ratio for simulation case 5 are shown
in Figures 3.23 to 3.25 respectively. The signal at 1551 nm decreases rapidly in power at
each stage, its gain being much too low (7 to 11 dB) to compensate for the inter-amplifier
loss of 19 to 20 dB. In general, one should design a transmission system in which the
inter-amplifier loss is not greater than the small signal gain of the signal propagating
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through the system. In the case of multi-wavelength systems, the inter-amplifier loss
should be comparable to the smallest small signal gain of all signals.

3.5.4 Amplifier position

Optical amplifiers can be used in a transmission system either as pre/post or in-line
amplifiers. Pre/post amplifiers are placed before the receiver/after the transmitter to
increase sensitivity and boost the signal before transmission respectively. In-line amplifiers
are placed in the link with transmission fibre on either side and compensate for
transmission and splitting losses.

Fere, in cases 6 and 7, we compare a system with three in-line amplifiers to a system with
two pre/post amplifiers and an in-line one. Figures 3.26 to 3.28 show results for
simulation case 6 while Figures 3.29 to 3.31 show results for case 7. The total
transmission distance is 150 km in case 6 and 170 km in case 7.

According to results in Figures 3.26 to 3.31, the prefvost amplifiers case 6 yields higher
gain, larger signal output power, and larger signal to ASE ratio than the in-line amplifiers
case 7. There thus seems to be, from the simulation results, a slight advantage to use
pre/post configuration even if in the cases studied here, the transmission distance was 20
km less in the pre/post case than in the in-line case.

3.5.5 Rayleigh backscattering

Rayleigh scattering is a natural phenomenon occurring in glass fibres. The influence of
Rayleigh backscattered light can be reduced by the use of optical isolators in a transmission
system. Since we are not using optical isolators in our bidirectional transmission system,
we are interested in looking at the influence of Rayieigh backscattering on the system
performance. To do so, we study simulation cases 7 and 8 where the Rayleigh
backscattering is respectively present and absent. A transmission system where Rayleigh
backscattering is absent is achieved by replacing the transmission fibre with attenuators of
equivalent loss.

Figures 3.32 to 3.34 show simulation results for case 8. We can see in Figure 3.29 to
3.34 that the presence of Rayleigh backscattering reduces the gain and output signal power
of each amplifier and introduces a penalty to the system.
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3.5.6 Pumping scheme

Up to now in this chapter, we have simulated systems with all the amplifiers pumped in the
same direction. It can be interesting to see if a different pumping scheme could make a
difference. An alternative to all forward or all backward pumping in a cascade of amplifiers
is symmetrical pumping where each amplifier is pumped in the direction towards the
nearest transmitter. In case 9, we are simulating the same system as in case 3 but with a
different pumping scheme. We cannot really talk about symmetry of pumping in an
amplifier system with an odd number of amplifiers since the middle amplifier is as close to
one transmitter as the other. We have to choose a pumping direction for the middle
amplifier and we chose forward pumping in case 9. The only difference between cases 3

and 9 is thus the pumping direction of amplifier 1.

The results for case 9 are presented in Figures 3.35 (o 3.37. Comparing those results to
the results for case 3 shown in Figures in 3.17 to 3.19, we see very little variation between
the two pumping schemes. We saw in chapter 2 that forward and backward output ASE
powers in an inverted fibre will be almost equal. The same goes for signal gain in a co-
propagating signal and pump amplifier and a contra-propagating signal and pump amplifier:
an inverted amplifier will give very similar signal gain in both cases. Thus we would not
expect much difference between iwo systems with different pumping schemes if the
amplifiers are inverted. In this case, amplifier ! has lower power than the other two and its
backward ASE is larger than its forward ASE (which is not the case for the other
amplifiers). The small differences between the results of cases 3 and 9 are caused by the
fact that amplifier 1 will launch more ASE in the system when pumped in the backward
direction than when pumped in the forward direction. This has the effect of lowering the
signal to ASE ratio in case 9. We expect the difference between the results in cases 3 and 9
would be smaller if all three amplifiers were pumped with high power.
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3.6 Summary

In this chapter, we presented the derivation of a signal and noise propagation model for
bidirectional transmission systems with EDFAs. We also studied some characteristics of
bidirectional systems with optical amplifiers by looking at a set of computer simulation
cases.

In the next chapter, we will look at the performance of a bidirectional transmission system

in more detail by studying results of experimental work and comparing the data obtained to
the computer simulation results.
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Figure 3.7 - Forward output spectra for simulation case 1. (a) Amplifier 1,
(b) amplifier 2, (¢) amplifier 3.
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(b) amplifier 2, (c) amplifier 3
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Figure 3.12 - Signal gain of each amplifier for simulation case 1
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Figure 3.13 - Signal to ASE ratio at each amplifier in case 1
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Figure 3.16 - Signal to ASE ratio at each amplifier for simulation case 2
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Figure 3.17 - Output signal power at each amplifier for simulation case 3
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Figure 3.19 - Signal to ASE ratio at each amplifier for simulation case 3
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Figure 3.20 - Output signal power at each amplifier for simulation case 4
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Figure 3.23 Output signal power at each amplifier for simulation case 5

22

19 . [— e
% 16 / -
=, ] / ~—{— 1543 nm
g 13 L —&— 1551 nm |—
& o
= 10
& ./
w7

.

0 1 2 3 4
Amplifier number

Figure 3.24 - Signal gain of each amplifier for simulation case §
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Figure 3.25 - Signal to ASE ratio at each amplifier for simulation case 5
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Figure 3.30 - Signal gain at each amplifier for simulation case 7
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Figure 3.34 - Signal to ASE ratio at each amplifier for simulation case 8
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4. Bidirectional transmission experiments

In chapter 2 we saw experir:cntal resulis of the behaviour of an EDFA. In chapter 3 we
developed a model for signal and ASE propagation in bidirectional transmission sysiems
with cascaded EDFAs and simulated such a system. Here, in chapter 4, we will lock at
experimental results for the bidirectional transmission of two signals through an optical
system including three EDFAs as either pre/post, or in-line amplifiers. We will look at the
propagation and accumuiation of signal and ASE at each stage of the transmission system
for different operating conditions ana will compare the results to analyze optical
bidirectional transmission systems with EDFAs.

In the following sections, we will present the characteristics of the equipment available
(laser sources, EDFAs, optical filters,...), describe the sctup used to obtain the
experimental data, and analyze the data collected.

4.1 Optical sources

Four different optical sources were available for us to use. All four lasers were used for
multi-wavelength transmission and study of the variations in performance of the system
with signal wavelength. The operating characteristics of all four sources are listed in Table
4.1.

Laser souice 1 2 3 4

Type DFR | DFB | DFB | DFB
Emission wavelength [nm] 1538 | 1540 | 1543 | 1551
Maximum output power [dBm] | -3.7 | -3.1 9.0 7.0

Table 4.1 - Optical source characteristics

The laser sources at 1540 and 1543 nm are in the flat portion of the amplifier gain spectriim
(see Figure 2.8), they thus have a similar small signal gain. The laser at 1538 nm is pant
way up the main cmission peak at 1535 nm and will experience more gain through an
amplifier than the other sources. Finally, the last source emits at 1551 nm which is in the
part of the amplifier spectrum where the gain is smallest. These four available optical
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sources enable us to examine a good portion of the amplifier gain spectrum in our

experiments.

4.2 Erbium-doped fibre amplifiers

A total of three amplifiers were built here at TRLabs and used for the experimental work
of this thesis. The erbium-doped fibre was produced by the National Optics Institute (NOI)
from a design provided by TRLabs. Erbium-doped fibre amplifiers were built with this
doped fibre, wavelength division multiplexers, and a pump laser as shown in Figure 1.2.
The erbium-doped fibre properties are given in Table 4.2 while the EDFAs' characteristics
are listed in Table 4.3. The erbium-doped fibre absorption and emission cross-sections are
given in Figure 4.1. The emission cross-section data provided by NOI was slightly
modified to better correspond to the actual behaviour of the amplifiers, especially for the
dip around 1540 nm and the peak at 1535 nm. The simulations in chapter 3 were done

with the modified cross-sections.

EDF type | N.A. Core Core Er content Al content
diameter dopants
S.N. 920331} 0.145 5.2 m Ge/P/AVEr | 163 ppm molar | 8630 ppm molar

Table 4.2 - Erhiun:-doped fibre properties

EDFA 1 2 3
Number 302 303 001
Type of fibre 920331 | 920331 | 920331
Fibre length {m] 31.0 31.0 294
Pump wavelength [nm] 977 978 977
Maximum pump power [mW] 282 70 80

Table 4.3 - Erbium-doped fibre amplifiers' characteristics

2 The maximum available power out of the laser in amplifier #302 is much lower than the other ones
because of deteriorated coupling between the chip and the fibre pigtail.
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4.3 Bidirectional transmission experimental setup

The satup uséd to collect data on bidirectional transmission in a cascade of three EDFAs is
shown in Figure 4.2. One laser source is at each end of the transmission link and is
isolated from the light coming from the contra-propagating signal by a circulator. The three
amplifiers are separated by spools of transmission fibre and used either as in-line or
pre/post amplifiers. A 90/10 directional coupler is attached to the entrance and ...t of each
amplifier to provide monitoring ports for both input and output power at each stage in the
system. Signal output power, inband ASE, and gain were measured at each output port of
the amplifiers with the method presented in chapter 2 which consists in using polarization
'controllcrs_ and splitters to separate signal and ASE at the output of the amplifier. Amplifier
input and output spectra were measured utilizing a monochromator to scan the entire
spectrum. The monochromator was uzed with a constant resolution width of 0.14 nm for
every scanning interval used. This setup has been used to study the performance of

bidirectional transmission systems with EDFAs by varying parameters such as signal

.
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wavelength, signal power, fibte link length, amplifier position, and Rayleigh
backscattering in a similar fashion to the computer study presenied in chaptcr 3.

Each experimental case used a variation of the sctup in Figure 4.2. The parameters
corresponding to each case, such as the two signal wavelengths and luunched power as
well as the inter amplifier total loss and transmission fibre link length, are listed in Table
4.4. Total inter amplifier link losses include the transmission loss of the fibre and the
insertion loss of connectors and couplers.

Parameters || Case
1 2 3 4 5 6 7 8 9

A; [nm] 1543 | 1543 | 1543 | 1543 | 1543 | 1538 | 1538 | 1538 | 1543
A, [nm] 1551 | 1540 | 1551 | 1551 | 1551 | 1540 | 1540 | 1540 | 1540
P, [dBm] | -19.2]-19.2 | -9.2 | -42 | -9.2 -7 -7 -7 -6

P, [dBm] |l -18.5}-185] -9.2 | -3.5 | -9.2 -6 -0 -0 -0

L, [dB] 0.8 0.8 0.8 0.8 0.8 0.8 8.8 8.8 8.8
L, [dB] 142 1 142 | 142 | 142 ] 192 | 19.2 | 142 | 14.1 | 14.2
L3 [dB] 164 | 164 | 164 | 164 ] 218 | 208 | 164 | 164 | 16.4
L4 [dB] 1.5 1.5 1.5 1.5 1.5 1.5 9.3 9.3 9.3

Link; [km] - - - - - - 35 - 35
Link, [km] 50 50 50 50 75 75 50 - 50
Link; [km] 50 50 50 50 75 75 50 - 50
Links (km] | - - - - - - | 35 : 35
Pump [mW]
1 22 22 22 22 22 22 22 22 22
2 50 50 50 50 50 50 50 50 50
3 50 50 50 50 50 50 50 50 50

Table 4.4 - Experimental parameters fo: each case
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4.4 Bidirectional transmission experimental results

In the rest of this chapter, we will present the experimental results obtained for cases 1 to 9,
discuss and compare them to each other and analyze the effect of signal wavelength, signal
power, fibre link length, amplifier position, and Rayleigh backscattering on the
performance of the system much like what was done for the computer simulation resuits in
chapter 3. The forward and backward input and output spectra of each amplifier as weli as
the signal gain, output power and signal to ASE ratio are presented in Figures 4.3 to 4.47
on the following pages. Refer to these graphs and Table 4.4 while reading the rest of this
chapter. As a reminder, the forward signal propagates from amplifier 1 to amplifier 3 and
the backward signal propagates from amplifier 3 to amplifier 1.

4.4.1 Signal wavelength

Erbium-doped fibre amplifiers have a gain bandwidth of about 30 nm. Technically, signals
»* any wavelength in that bandwidth can be transmitted in a multi wavelength system. We
will see in this section that some limitations to the choice of signal wavelength arise from
the variations in performance of an optical bidirectional transmission system with signal

wavelength.

To assess the impact of the launched signal wavelength on system performance, we will
compare results from cases 1 and 2, cases 5 and 6, and cases 7 and 9.

In cases 1 and 2, we have an example of two amplifiers used as pre/post amplifiers and one
used as an in-line amplifier. The experimental conditions and setup parameters are the
same except that the backward propagating signal (A,) is set at a different wavelength: 1551

nm in case | ana 540 nm for case 2.

Let us try to understand the results obtained for cases 1 and 2. We have to point out is that,
and this is true for every case studied in this chapter, the small signal gain at all
wavelengths is substantially lower for amplifier 1 (#302) than for the two other amplifiers
in the cascade. We found out, after the experimental work was completed, that the
coupling between the fibre pigtail and the pump laser chip has degraded and that a fraction
of the total pump power is available at the output of the pigtail fibre. It is important to
remember
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Figure 4.5 - Output siznal power at each amplifier for experimental case 1
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Figure 4.19 - Backward input and output spectra for experimental case 4.
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Figure 4.23 - Forward input and output spectra for experimental case 5.

(a) Amplifier 1, (b) amplifier 2, (c) amplifier 3
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Figure 4.25 - Output signal power at each amplifier for experimental case 5
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Figure 4.26 - Signal gain at each amplifier in experimental case 5
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Figure 4.28 - Forward input and output spectra for experimental case 6.
(a) Amplifier 1, (b) amplifier 2, (c) amplifier 3
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Figure 4.29 - Backward input and output spectra for experimental case 6.

(a) Amplifier 1, (b) amplifier 2, (¢) amplifier 3
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Figure 4.31 - Signal gain at each amplifier for experimental case 6
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Figure 4.32 - Signal to ASE ratio at each amplifier for experimental case 6
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Figure 4.33 - Forward input and output spectra for experimental case 7.
(a) Amplifier 1, (b) amplifier 2, (c) amplifier 3
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Figure 4.34 - Backward input and output spectra for experimental case 7.
(a) Amplifier 1, (b) amplifier 2, (c) amplifier 3
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Figure 4.37 - Signal to ASE ratio at each amplifier for experimental case 7
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Figure 4.38 - Forward input and output spectra for experimental case 8.
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Figure 4.39 - Backward input and outpu. spectra for experimental case 8.
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Figure 4.41 - Signal gain at each amplifier for experimental case 8
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Figure 4.43 - Forward input and output spectra for experimental case 9.
(a) Amplifier 1, (b) amplifier 2, (c) amplifier 3
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Figure 4.44 - Backward input and output spectra for experimental case 9.
(a) Amplifier 1, (b) amplifier 2, (c) amplifier 3
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in analyzing the experimental data collected that the transmission system is not symmetric

since amplifier 1 has much lower gain than the othier two.

We can see in case 1 that the signal at 1543 nm increases from stage 1 to stage 3. One
could expect its gain to decrease sincc we have seen in chapter 2 that the signal gain
decreases with increasing signal power. The fact is that the amplifier gain is controlied not
only by the signal power but by the total input power to the amplifier, which includes the
propagating signal and the accumulating ASE. The gain compression that cach signal
experiences is due to the effect of both propagating signals and the ASE accumulation in
botl: direciions. Rayleigh backscattered light is likely to play a role in the compression of
the 155 prm signal since the backscattered 1543 nm signal power is of the same order of

magnitude as the propagating 1551 nm signal power (Figure 4.4).

We sav: in chapter 2 that gains of signals at different wavelengths have different
compre3sion be taviours. We can see for example in Figure 2.7 that the gain of a signal at
1332« wil: saturate for lower input powers thar: . = gain of a signal at 1544 nm. Figure
2,16 -~ . us that a signal gain will be more - less compressed depending on the
wea.<: . of the other signals present in the syster:. This explains the fact that the 1543
nm signal experiences different amounts of gain compression in case | and in case 2 since
the second signal is at different wavelengths i'i those two cases.

We will now compare two others cases, 5 and 6. We are looking here at a longer
transmission distance than in the cases mentioned above and shorter wavelengths in case 6
than in case 2. We will not attempt to compare gain and output power of signals since they
are at different wavelengths but rather look at the differences in system performance for
two different sets of wavelengths.

The obvious problem arising from a system transmitting signals whose wavelengths arc far
apart from each other, as in cases 1 and 5, is that there is quite a difference in small signal
gain between the two wavelengths. While one signal has a gain large enough to
compensate for the losses in the link and keep the signal output power at each amplifier
relatively constant, the other signal will decrease at each stage, its gain not being
sufficiently high to compensate for transmission losses. On the other hand, a system
transmitting closely spaced signals will behave almost the same way in both directions.
There is thus an advantage in having signals which are closely spaced in wavelength in a
bidirectional transmission system. Having signals with higher small signal gains, as in
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case 6, also has the advantage of further compressing the ASE peak. We can also note
from the output spectra in case S that the ASE tends to peak more sharply when under less
compression: the combination of signals at 1543 nm and 1551 nm in case 5 induces less
ASE compression in the amplifiers than the signals at 1538 nm and 1540 nm do in case 6.
We have scen such a behaviour in chapter 2 while looking at ASE and gain compression.

We will now examine the effect of signal wavelength on system performance for the case
of three in-line amplifiers by looking at cases 7 and 9. The two contra-propagating signals
arc closely spac=d in wavelength in both cases 7 and 9. From Figure 2.8, we can see that
there is a small difference in small signal gain between the three wavelengths involved here:
1538, 1540, 1543 nm. We can see in Figure 2.9 that signals at these three wavelengths
have different output saturation powers, which means that they will experience different
gain compression for the same input power. The difference between cases 7 and 9 is the
forward propagating signal wavelength: 1538 nm in case 7 and 1543 nm in case 9. The
small signal gain for these two wavelengths is about 2 dB different and their output
saturation power is also different. The 1538 nm signal being more compressed in a
saturated amplifier (smaller saturation output power), the gain difference between a 1538
nm and a 1543 nm signal in cases 7 and 9 comes out to be less than 2 dB. This effect is
also seen in a single amplifier system: the difference in gain between the two wavelengths
decreases with amplifier saturation. On the other hand, in a single amplifier, the difference
in output signal to ASE ratio between the two wavelengths is small and relatively constant.
The changes in signal to ASE ratio observed are thus due to system effects that would not

be observed in a single amplifier, single wavelength system.

We saw in section 2.2.4 that the amount of gain compression varies with the saturating
wavelength. The 1540 nm signal experiences less cross-saturation from the 1543 nm
signal in case 9 than from the 1538 nm signal in case 7. This explains why the 1540 nm
signal has a slightly higher gain in case 9 than in case 7.

4.4.2 Signal power

Another criterion to consider in analyzing a bidirectional transmission system with cascaded
EDFAs is the range of signal powers that will yield an acceptable signal to noise ratio.

To assess the effect on system performance of the launched signal powers, we will
compare results from experimental cases 1, 3, and 4. The only variable parameter in these
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three cases is the launched signal power. As one would expect, the gain is larger for the

small input power of case 1 and the output power is larger for large input powers of case 4.
In the latter case, we also notice a larger signal to ASE ratio than in the other cases and
more ASE compression. Launching a large signal seems advantageous from the point of
view of large output power, signal to ASE ratio, and ASE compression over lower input
signal powers. The deciding factor is likely to be the SNR, which is higher for large
launched signal powers than small signal powers in any given system examined. Systems
with lower signal power are likely to be more distance limited their large signal power
counterpart.

The launched power is lowest in case 1 and highest in case 4. One would thus expect the
saturation to be more important and the gain lower in case 4 than in case 1. This is what
we observe in Figures 4.6, 4.16, and 4.21 for cases 1, 3, and 4 respectively.

Larger signal power causes amplifiers to operate deeper into saturation than for small
launched power, yielding lower gain but further compressing the output ASE power and
improving the signal to ASE ratio. This is what we see in cases 1, 3, and 4 where the
launched power is increasing from -20 dBm to -5 dBm.

The gain of the 1551 nm signal is always lower than the gain of the 1543 nm signal as scen
in chapter 2.

The pre/post amplifiers are saturated by the launched signal, especially for large powers.
The input signal to the in-line amplifier is not as large but the accumulated ASE forces the
amplifier to operatc further into the saturated regime.

4.4.3 Inter-amplifier link length

To assess the influence of the fibre link lengths on system performance, we will look at
results from experimental cases 3 and 5. We have here two pre/post amplifier schemes
with a total of either 100 km or 150 km of transmissior fibre links.

Obviously, it is not desirable to have a transmission system where the inter-amplifier loss is
larger than the amplifier gain. We mentioned this previously for systems with widely
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spaced signal wavelengths. The limit of fibre link length one can use is thus dictated by the
amplificr gain. Having two signal wavelengths for which there is a large diiference in
small signal gain complicates the task as the maximum link length must be computed for the
smaller gain signal. We will look at ways to equalize the gain and signal output power in a
multi-wavelength system in section 4.6. The difference in gain brings a penalty in distance
for the larger gain signal. By studying cases 3 and 5, we can see the implications of using
a system with inter-amplifier loss greater than the amplifier gain. In case 3, the gain of
signal at 1543 nm is close to the inter-amplifier loss and the output power stays relatively
constant at each amplifier. On the other hand, the gain of the 1551 nm signal is too small to
compensate for the transmission losses. In case 5, the inter-amplifier loss has increased by
about 5 dB. The input power to the in-line amplifier is larger in case 3, where the inter-
amplificr link is 50 km long, than in case 5, where the inter-amplifier link is 75 km long;
the amplifier gain is thus larger in case 5 where the amplifier is less saturated. In case 5,
the signal at 1543 nm still manages to stay relatively constant over the cascade, but the
signal at 1551 nm now drops by 10 dB at each stage, its signal gein being too small to

compensate for tiansmission losses.

From chapter 2, gain compression is known to be less important for a 1551 nm signal than
for a 1543 nm signal. In cases 3 and 5, the small gain compression experienced by the
1551 nm signal enables significant ASE build up to occur. The ASE power at the gain
peak (1535 nm) experiences very little compression due to the 1551 nm signal and
increases at each stage of the system to become dcminant over the propagating 1551 nm
signal by the end of the transmission link. The gain experienced by the ASE peak is larger
than the gain of the 1551 nm signal.

Due to large inter-amplifier attenuation in case 5, the amplifiers in this case are less
saturated than in case 3 and exhibit a larger gain.

The greater saturation of amplifier 3 in case 3, compared to case 5, and the fact that the
1543 nm signal is almost constant along the system allows it to have a larger signal to ASE
ratio than in case 5 where the signal has decreased after three amplifiers and the ASE
compression is not as important.

In conclusion, in a long distance system, it is desirable to transmit signals closely spaced in
wavelength along a link with inter-amplifier loss no greater than the small signal gain of the
signals.
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4.4.4 Amplifier position

Erbium-doped fibre amplifiers can be used in an optical bidirectional transmission system
as both pre/post and as in-line amplifiers. Pre/post amplifiers are mainly used to boost the
signal before detection and improve the receiver sensitivity. As in-line amplifiers, the

EDFAs' main purpose is to compensate for transmission losses.

To assess the influence of amplifier position on system performance, we will look at results
from experimental cases 6 and 7. We have here two different cases, one with twe pre/post
amplifiers and an in-line amplifier, and the other case with all in-line amplifiers. The
transmission distance is comparable in the two cases: 150 km and 170 km. We can notice
from the graphs in Figures 4.38 and 4.43 that the signal gain and signal to ASE ratio at
each amplifier in case 6 (pre/post amplifiers) are larger than in the case where all EDFAs are
used as in-line amplifiers (case 7). ASE peaking in the in-line amplifier casc is quite
important and does certainly add to the gain compression of each amplifier in the link.

Because of the presence of additional attenuation before amplifier 1 and after amplifier 3,
the launched powers are smaller and the amplifiers are less saturated in case 7 than in case 6
even if there is more ASE accumulation at the end of the transmission link in case 7.

There appears to be a contradiction when we look at Figures 4.31 and 4.36. If the
amplifiers in case 7 are less saturated than in case 6, why is their gain lower? The only
explanation to this comes from the ASE. We can see by comparing Figures 4.28, 4.29,
4.33, and 4.34 that there is quite a bit more ASE accumulation in case 7 and an evident
peaking of the ASE around 1535 nm. This ASE peaking effect is due to the Rayleigh
backscattering in the fibre added in case 7 to operate all three amplifiers as in-line
amplifiers. The ASE peak at 1535 nm acts as a third saturating signal in the system and has
a significant effect in the compression of the other signals (section 2.2.4). So, even if the
total power at the input of each amplifier in case 7 is less than what it is in case 6, the
amplifier gain is lower in case 7 because of the added compression due to the ASE peak.
The importance of the ASE peaking in case 7 is due to the extra Rayleigh backscattering in
fibre links before and after the first and last amplifiers, links that aie #bsent in case 6.

We saw in chapter 2 that signals at 1538 nm and 1540 nm have almost the same small
signal gain, the gain at 1538 nm being a little higher than the gain at 1540 nm, but a
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different output saturation power. This means that the 1538 nm signal, with a smaller
output saturation power (Figure 2.9), sees its gain decrease faster with input power than
the 1540 nm signal. It also means that in the highly saturated regime the signal at 1540 nm
will have a gain advantage over the signal at 1538 nm. The gain saturation curves will
cross at a certain point from which the 1540 nm gain will be higher than the 1538 nm gain
for a given input power. Knowing that amplifier 1 and amplifier 3 are highly saturated in
both cases 6 and 7, this explains why we get higher gain at 1540 nm than at 1538 nm. As
to why the 1540 nm gain advantage is larger for amplifier 3 than for amplifier 1, it could be
explained by the influence of ASE on signal compression which is larger on the 1538 nm
signal than on the 1540 nm signal. The fact that amplifier 1 has a smaller pump power and
lower population inversion than amplifier 3 may also offer an answer since the difference in
gain at the two wavelengths is smaller for a low pump power than for large pump power.

The pre/post amplifier scheme seems advantageous over the in-line amplifier case since it
yields larger signal to ASE ratio, received power, and ASE compression.

4.4.5 Rayleigh backscattering

Rayleigh backscattering has been known to have an influence in optical systems [26]-[31].
Preventinig the Rayleigh backscattered light from impacting on system performance is one
of the reasons why isolators are used in unidirectional transmission systems. In
bidirectional transmission systems, we cannot use isolators and these are thus more
sensitive to the effects of Rayleigh backscattering and even double Rayleigh backscattering,
which we did not considered in our theoretical analysis in chapter 2.

To assess the influence of Rayleigh backscattering in an open bidirectional cascade of
EDFAs, we will look at the results from experimental cases 7 and 8. We have here two
systems of in-line amplifiers where the fibre spools in case 7 have been replaced by
attenuators of same loss in case 8. The Rayleigh backscattering coefficient of the
transmission fibre used in these experiments was measured [32] to be -31.5 and -33.2 dB
for fibre made by Northern Telecom and Corning, respectively. We can thus study the
effect of Rayleigh backscattering on the system performance between case 7 where it is
present, and case 8 where it is not.
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A main source of saturation in case 7 is the large ASE accumulation and peaking effect

(section 4.4.4). We mentioned in the previous section that this can be attributed to
Rayleigh backscattering. By looking at the results for case 8 (Figures 4.38 and 4.39), we
see that in the absence of Rayleigh backscattering the ASE accumulation is substantially
lower and that is does not exhibit a peaking effect. The ASE sharp peaking behaviour is
present in the case with Rayleigh backscattering (case 7) and induces more gain
compression in the system; the peak around 1535 nm gets as large as the signal after three
amplifiers in the case where there is Rayleigh backscaitering compared to about 12 dB
lower for the case where Rayleigh backscattering is not present (case 8).

The 2 dB increase in gain seen in case 8, compared to case 7, is attributed to the smaller
saturation effect of the accumulated ASE power. The Rayleigh backscattered signal in case
7 has a smaller effect in compressing the signal gain than the accumulated ASE, but even
then case 8 has the advantage of totally eliminating saturation effects from Rayleigh
backscattered light. We will see in section 4.6 some suggestions to reduce the effect of
Rayleigh backscattering in a bidirectional transmission system with EDFAs.

In conclusions, Rayleigh backscattering certainly does have an effect on bidirectional
transmission systems and brings a penalty without impinging the feasibility of bidirectional
transmission systems in the future.

4.5 Comparison between simulated and experimental results

In chapter 3, we studied bidirectional transmission systems with EDFAs through a set of
nine simulation cases to learn about the properties of the system before putting the
principles to use in a laboratory experiment. Up to this point in chapter 4, we studicd
bidirectional transmission systems with EDFAs by repeating nine setup cases with actual
devices and experimental work. The question is: how well do computer simulated and
experimentally obtained data match?

The computer simulation designed in chapter 3 is two fold: the first part uses an EDFA
simulation from [25] to compute gain and output power (signal and ASE) of each amplifier
as a function of the input power; the second part uses the signal and noise propagation
equation to compute the input power to a given amplifier as a function of the output power
from every other amplifier in the system, the inter-amplifier link losses, and Rayleigh
backscattering coefficients.
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We will first look at the EDFA simulation on its own. Figure 4.48 shows the experimental
data for the forward ASE spectrum of amplifier #303 with a co-propagating inp:ut signal of
wavelength 1539 nm and power of -35 dBm (small signal regime) and the simulation of the
same case. As mentioned in section 4.2, the emission cross-section provided by NOI were
here modified to better fit the small signal regime ASE spectrum of the actual amplifiers.
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Figure 4.48 - Comparison of simulation and experiment for small signal
regime

Now let's look at the performance of the computer simulation in the saturated regime.
Figure 4.49 shows a comparisor between experimental and simulated ASE spectrum
similar to the previous case, but now the input signal power is at -10 dBm (saturated
regime). The signal wavelength is still at 1539 nm and the modified cross sections from
Figure 4.1 were used in the calculations. We can see that the simulation does not quite
handle saturated regime adequately: the simulated compression is about 2 dB less than what

the experimental results show.
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Figure 4.49 - Comparison of simulation and experiment for saturated
regimsz

We will now look at the performance of the overall simulation package to predict the
behaviour of bidirectional transmission systems with EDFAs. In the first place, we look at
a simple case. We simulated the experimental case 8 where Rayleigh backscattering is not
included. Figures 4.50 and 4.51 compare simulated and experimental forward and
backward output spectra for case 8 (see Table 4.4). The agreement is reasonable especially
considering the limitation of the EDFA simulation in the saturated regime, as discussed
above. The discrepancy between simulated and experimental data is largest at the ASE
peak around 1535 nm and increases with propagation in the system (larger at third amplificr
for forward signal and at first amplifier for backward signal). The simulated compression,
as we saw earlier, is less than in reality. As we are simulating a cascade of amplificrs, the
simulated gain and output power of the first amplifier in the link are going to be larger than
reality and the discrepancy will build up at each amplifier. We aust not forget the inherent
experimental error that can become significant in a setup where there are about twenty
different devices connected to each other. The error in esiimating the insertion loss of all of
these components can amount to close to 1 dB. In this regard, the simulation is considered
to be adequate to give an understanding of a bidir:ctional trazsmission system with



111

10: T

0 @ Data-1 [
O Simul-1

=
e

=1zls]s]=]s]s]

Power [dBm]

7

=70 J——rr—r—f—r—rrr—tr-r-rr—rrrr—rr-rrtr—r—r—t-
1525 1530 1535 1540 1545 1550 1555
Wavelength [nm]
(@)
10 5 l
0 ) ® Daa-2 [
-10 3 O Simul-2 |

1560

DOogog

Power [dBm]

1525 1530 1535 1540 1545 1550 1555 1560

Wavelength [nm]
(b)
10 - l

3 ® Data-3 [
-10 3 - B Simul-3 |-

go%
S I i

Power [dBm]

LS R |

1555

™Tr LIS M Ban 4 ™7

1540 1545 1550

Wavelength [nm]
©

Figure 4.50 - Comparison of simulation and experiment for forward spectra
of case 8. (a) Amplifier 1, (b) amplifier 2, (c¢) amplifier 3.

1525 1530 1535 1560



1‘; -f—-ﬂ—-‘!li-‘-—r--ou—r;- vy l

0 ___.___-_j- —

1

{

J’ ® Data-1 I
9  Simul-1

ST — ,im —

3 ]
20 3— . _;,.‘j?ig_

E i ]

b ! P i Q.u

-30 3 P TR
3 ‘

g. annnuu“

Power [dBm)]
2

9 .
10 It et

1525 1530 1535 1540 1545 1550 1555 1560
Waveiength [nm]
(@)

0 B pDaa-2 [
-EU; 0 Simul-2 |~

40 3 B o]
] abooog

Power [dBm]

[EIRTININT]

70 J~—r—r—r—r—r—r—r -

1525 1530 1535 1540 1545 1550 1555 1560
Wavelength [nm]

(b)

]
0 @ Data-3 [
-10 3 a  Simul-3

Power [dBm]

1525 1530 1535 1540 1545 1550 1558 1560

Wavelength [nm]}
()

Figure 4.51 - Comparison of simulation and experiment for backward
spectra of case 8. (a) Amplifier 1, (b) amplifier 2, (c) amplifier 3.




113

EDFAs. More work should probably be done to look into how well the computer
simulation handles the saturated regime and make the appropriate modifications. A
comparison between simulation and experimental results for a larger cascade of amplifiers

would also be interesting.

Lastly, we look at the simulation of experimental case 7, which is the equivalent of case 8
but with Rayleigh backscattering present. Figures 4.52 and 4.53 show both simulated and
experimental results for case 7 (see Table 4.4). The discrepancy is still present and
increases more rapidly along the cascade. We must understand that the amplifiers in case 7
arc driven even more into saturation than in case 8 because of the quicker (and more
important) build up of ASE. We can see in Figures 4.52c and 4.53a that after three
amplifiers the ASE peak is larger than the propagating signal.

The Rayleigh backscattered signal is larger in the simulation case than the experimental
case, and the discrepancy is larger than for the propagating signal. We have to remember
here that the simulated output signal of an amplifier is larger than reality to begin with. It is
then backscattered and re amplified with a gain that is larger that what the signal in the
experimental case experiences. This leads to a bigger discrepancy between simulated and
experimental res.lts for the Rayleigh backscattering signal than for the propagating signal.

Finally, uncertainties about the erbium-doped fibre parameters such as absorption and
emission cross sections, erbium dopant concentration and confinement are factors that limit
the accurycy of the simulation. We had to modify the emission cross section data provided
by NOI to reach a reasonable agreement with experimental results; the original emission
cross sections gave results that were not satisfying. This illustrates the importance of
accurate knowledge of the erbium-doped fibre parameters for the simulation to predict
performance more adequately. Unfortunately, very accurate values for the fibre parameters
are not easy to obtain.
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4.6 Discussion

In the two previous sections, we have presented, analyzed, interpreted and compared to
theory the experimental results obiained from a bidirectional transmission setup with three
amplifiers. In this section, we will present our results in the context of the current literature
and discuss some suggestions for improvement in the performance of bidirectional
transmission system with EDFAs.

In section 4.4.1, we looked at the influence of the signal wavelength on the performance oft
the system. A Japanese research group studying multi-channel optical communication
systems using EDFAs has reached the conclusions in [33] that a flat gain profile cannot be
obtained with saturated amplifiers except for closely spaced signals in 2 small region
around 1550 nm. That study was done for a single amplifier used in unidirectional
transmission but the conclusions are still valid in our case as we have seen similar gain
discrepancies in signal gain over the amplifier gain spectrum. It is certain that operating a
multi wavelength system with signals at wavelengths for which there is a large difference in
small signal gain and saturation power will bring some limitations in the system design.

Methods to equalize signal power over the amplifier spectrim are presented in [34]-|37].
Equalization using a Mach-Zender optical filter in transmission systems using cascaded
EDFAs is presented in [34] for twenty-nine multiplexed channels with wavelengths from
1548 to 1555 nm. Another research group [35] used acousto-optic tunable fiiters to
achieve power equalization of two signals at 1539 and 1568 nm transmitted in a circulating
loop to simulate a cascaded amplifier system. Questioning the practicality and cost-
effectiveness of the power equalization techniques mentioned above, one group presented
in [36] an algorithm to adjust the channel powers at the transmitter to equalize cither the
output powers or the signal to noise ratio. This technique makes adjustment to the
launched signal powers using information provided by system telemetry to get equal signal
powers or signal to noise ratio at the output. These techniques are not gain equalization
techniques: they modify the power of each channel to obtain equalized output powers or
signal to noise ratios taking into account that each channel experiences a different gain. A
group showed that inhomogeneously broadened amplifiers can be inserted periodically in a
cascade to provide inter channel gain equalization in [37]. An amplifier cooled to 77 K
presents inhomogeneous broadening and its gain self regulates on a channel-per-channel
basis, avoiding gain competition between channels. By placing an inhomogencous
amplifier at every third stage in the system they were able to reduce the channel power
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spread by 11 dB after six amplifiers. In this case, power equalization is obtained by
boosting the weak channels rather than attenuating the strong channels. Erbium-doped
fibre ampiifiers do not have flat gain characteristics and in long amplifier cascades, the gain
difference between channels will accumulate at each stage and lead to some channels having
unacceptable bit error rates. The papers mentioned above present methods of equalizing
signal power or gain to solve the problem of differential gain in multi-wavelength systems
with cascaded EDFAs. Of all the equalization methods looked at, the one in [37] is the
only one that is actually modifying the amplifier behaviour to achieve gain equalization
while the others will modify the power of the channels, according to their gain, to achieve
power equalization. Concepts presented in [34],[35], and [37] were tested in a laboratory
experiment while the concept presented in [36] was simulated only. More work has to be
done to come up with an efficient, practical, reliable, and cost-eftective way to equalize
channel powers in multi-wavelength systems with long amplifier cascades.

In section 4.4.3, we studied the influence of the inter-amplifier Jink length on system
performance. We looked at two setups with a total of 100 km and 150 km of transmission
fibre. Bidirectional transmission up to 195 km [38] and 218 «m [13] in two-amplifier
systems have been presented. The latter uses dispersion shifted fibre. We present in
section 4.7 bidirectional transmission of digital signals in a system equivalent to up to 218
km of fibre. To date, the study of bidirectional transmission systems with EDFAs does not
show a possible use in long-haul systems which span over thousands of kilometers.
Bidirectional systems with optical amplifiers would probably be best suited for applications
in network subscriber loops.

In section 4.4.5, we focused un the influence of Rayleigh backscattering in an open
cascade of EDFAs. We noticed that Rayleigh backscattering adds a significant amount of
gain compression in the system and that it would be desirable to reduce its effects on the
system performance. Although we did not use any isolators or bandpass filters in the
transmission system for our experiments, ways of using isolators and filters to reduce
effects of Rayleigh backscattering and accumulating ASE in bidirectional transmission
systems are presented in [39],[12]. In those cases, the transmission fibre is used in a
bidirectional fashion while the optical amplifiers are used in a unidirectional manner.
Figure 4.54 illustrates the concept of a "bidirectional fibre ampiifier" presented in
[39],[12].
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Figure 4.54 - Bidirectional fibre amplifier [39],{12]

It should be noted that twice as many amplifiers are needed when using such a

configuration thus increasing cost. On the other hand, the system performance should be

improved by the reduction of ASE and Rayleigh
system.

An other solution called a "bidirectional isolator” is

backscattered light propagating in the

illustrated in Figure 4.55 [40].
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Such a configuration presents the possibility of using bandpass filters to limit ASE
propagation and accumulation while using the same number of amplifiers as in the open
cascade as we used experimentally. The concept of the "bidirectional isolator” has not been
tested in laboratory. We thus did not verify how much improvement such a design would
bring to bidirectional transmission systems with EDFAs. We expect some improvement
would be noticed since with the design shown in Figure 4.55, backreflections, Rayleigh
backscattering, backward ASE propagation, and ASE accumulation are limited. We have
seen in this chapter that all those are limiting factors of the performance of a bidirectional
system.

4.7 Bit error rate measurements

This far in the thesis, we have been looking at transmission of continuous wave (CW) light
in a bidirectional system. The study of propagation of CW light in the system enables us to
learn about the properties of transmission systems with EDFAs and the properties of the
amplifiers themselves. At this point, it is interesting to look at digital transmission in
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bidirectional transmission systei to assess the possibilities of such systems for real life
applications.

The first thing we looked at is how well we can transmit digital information in system
configurations we studied earlier. We looked at the bit error rate obtained for transmission
of digital signals in a setup identical to experimental cases 7 and 8, the difference between
those two cases being the presence or absence of Rayleigh backscattering. We modulated
the two laser sources at 622.08 Mb/s (OC-12). An HP70841A pattern generator produced
pseudo-random sequence of pattern length 27-1. The Northern Telecom OC-12 receiver
used has limited lcw frequency response chus the use of a short word length. Results
showed error free transmission for both signals in both configurations. The samec
experiment was repeated with signal sources at 1538 nm and 1543 nm instead of 1538 nm
and 1540 nm and again error free transmission was achieved.

The second bit error rate experiment was done to see what impact total link iength in a
bidirectional system of three amplifiers with two pre/post amplifiers and one in-line
amplifier has on the system bit error rate. The experimental setup used for this
measurement is illustrated in Figure 4.56. Two laser sources at 1538 nm and 1540 nm arc
modulated at 622.08 Mb/s. The inter-amplifier losses, L, and L,, are kept equal
(symmetric system) and are either composed of a variable attenuator or a spool of 50 km of
transmission fibre and a variable attenuator. The variable attenuator is always adjacent to
the in-line amplifier. Bit error rate measurements are taken while varying the total system
link loss and the resu’ts are shown in Figure 4.57. As predicted hy the results obtained in
the previous section, the setup without Rayleigh backscattering yields better signal to noise
ratio and thus better performance than the case with transmission fibre. For a target bit
error rate of 10-9, we can tolerate a total link loss of about 47 dB with Rayleigh
backscattering present and 54.5 dB with Rayleigh backscattering absent, which is
equivalent to a transmission distance of 235 km and 272.5 km assuming 0.20 dB/km
transmission fibre. The presence of Rayleigh backscattering is thus always a concern and a
limiting factor in open bidirectional cascades of EDFAs where no isolators or bandpass
filters are used to limit the influence of backscattering and ASE.



121

RETNERCH

Lad9d

Ioidnod Q1/06

\_/

¢1-00

J103e[0S]

=

dddg %

¢ vd4dad

191dnod 01/06

WdO

191dnod 01/06

wu opS |
2 901n0g

Z

dnjas [ejudwIadxad SHUIUAINSEIUE J)EX J01II J1f - 96" anS1y

Iﬁul\a

a1qy VOA
UOISSTWISURIL],
I191dnos 01/06

131dnos Q1/06

\&

Joyenuajne
reondo
SIqelreA

NV

cvdadad

I'l

NN

[ vddd

K
/

I01R[NoN))

= 211

ur 8¢G ]
1 22In0g



10 2
3
3 ] o)
10 3 o
3 u] o
104 ] Ce
o Co
10 5
3 ] . o
£ 106 D' 0O 15380m - Fibre o
5 3 ®  1540nm - Fibre
E 107 O 1538nm - VOAs %
= " ® [540nm - VOAs
/0 ] O L
108 1 0l = -0
®
10 9 o)
: u °
10 10
jo
10 1]
46 48 50 52 54 56 58

Total link attenuation [dB]

Figure 4.57 - Bit error rate measurements in pre/post configuration

Another way to present bit error rate results is to present the degradation in recciver
sensitivity due to the presence of EDFAs in the system. Figure 4.58 presents the setup
used to measure the nominal receiver sensitivity for both sources in a back-to-back

configuration.
VOA
90%
g Receiver B.ER.T
10%
OPM

Monitoring received power

Figure 4.58 - Setup for back-to-back bit error rate measurements
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Figure 4.59 presents the receiver nominal sensitivity for both sources as well as the
receiver sensitivities for the bidirectional transmission system in Figure 4.56. The
received power is the input power to the OC-12 receiver as monitored with a 90/10 coupler
and is the sum of signal and ASE when ASE is present.
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Figure 4.59 - Bit error rate vs. received power

The results presented in Figure 4.59 are the same as those presented in Figure 4.57 but
plotted as a function of the received power instead of the total link loss. The difference in
receiver sensitivities for both sources comes from the fact that the lasers have different
extinction ratios.

We can see that the presence of the three amplifiers in the cascade brings a power penalty to
the receiver sensitivity. This penalty is about 1 dB for the 1540 nm signal and 2 dB for the
1538 nm signal. The received inband ASE around 1538 nm is higher than around 1540
nm; the added penalty in receiver sensitivity is around 1 dB. The penalty due to Rayleigh
backscattering seems to be negligible compared to the penalty due to the accumulation of
ASE, as the sensitivities for the cases with or without Rayleigh backscattering are almost
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the same. From [27] we know that the relative intensity noise (RIN) penalty from Rayleigh
backscattering is given by

Penalty = ~5log[l - 72G?R,] (4.1)

The fact that we observed a rather small receiver sensitivity penalty due to Rayleigh
backscattering (less than 0.5 dB) is due to the fact that we are using relatively low gain
amplifiers. We can see from equation 4.1 that the penalty is related to the amplifier gain
and the Rayleigh backscattering coefficient. This equation was derived for the case of a
system with a single amplifier used as a pre amplifier, but the notion that high gain
amplifiers will bring a greater penalty to the system due to increased RIN from Rayleigh
backscattering is still valid in a multi-amplifier system. Thus the ASE accumulation is here
the most important factor in bringing a receiver sensitivity power penalty. Repeating this
experiment with narrower filters would eliminate even more of the ASE power at the
receiver.

Let's finally compare bit error rate measurements to theoretical calculations. The BER
calculations are done following the theory presented in chapter 3 in equations 3.30 to 3.35
derived from [4]. The equations in chapter 3 assume an extinction ratio of zcro while in
our experiments we have finite extinction ratios. When considering non-zero extinction

ratios, equations 3.30 to 3.33 become:

Gszhot, =2eBen(lg) +1;,)

) (4.2)

Gshoty = 2eBen(Iso +1,)
4kTB

64 = = (4.3)

2 B
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Where Iy and I are the received intensities for a digital zero or one, respectively. Since

we are dealing with non-zero extinction ratios,

r=1s0 (4.6)
Isl

where r is the extinction ratio. The received intensities for a zero and a one can then be
expressed as:

2
Igqg=—-1
st r+1°

2r
Iio=—1. 4.7
s0 r+1°% ( )
I =IsO+IsI
S

2

where I is the average received optical intensity.

Using equations 4.2 to 4.5 we can express the total noise as:

2

— 2 2 2 2
O1 = Oth + Oshot, +Os_sp, TO

Sp_sp

2
Sp_sp

4.8
0'2 = 0’2 + 2 + 2 + ( )
0 = Yth OShOlO Gs_spo Y

The Q factor is the given by:

- N5 - L) _ 2111-;-;'IS
01 +0, 01 +0y

(4.9)

In the back-to-back case, thermal noise is dominant and we thus neglect other sources of
noise to get:

n..l_:_rls
Q=—ltr (4.10)

O'thermal
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The bit error rate is then given by:

BER = %erfc(—q—) (4.11)

V2

Knowing that a bit error rate of 10-9 is achieved for Q=6, we compute the thermal noise of
our receiver using equation 4.10 and measured the received intensity for a bit error rate of
109 in the back-to-back case. The thermal noise does not vary with the received power so
the same value of thermal noise is used to compute a bit error rate curve over the range of
received powers.

Figures 4.60 and 4.61 compare measured and calculated bit error rates vs. received power
for both signals.
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Figure 4.60 - Comparison between measured and calculated receiver
sensitivities at 1538 nm
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The discrepancy between experimental and calculated values in the back-to-back cases can

be attributed to an electronic problem in the receiver. Other work, previously done at

TRLabs, shows the same behaviour of the receiver for back-to-back operation. The

difference between experimental and calculated values for the system of bidirectional

amplifiers is between 0 and 0.5 dB; the difference being smaller in the case where the link

attenuation is provided by the attenuators only. The 0.5 dB difference between

experimental and calculated values in a bidirectional transmission system can be attributed

to RIN due to single and double Ravi~i~h backscattering and experimental uncertainties in

the measurements.
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5. Conclusion

This thesis has studied characteristics of signal and noise propagation in an optical
bidirectional transmission system with cascaded erbium-doped fibre amplifiers. Chapter 2
described, theoretically and experimentally, the behaviour of an EDFA. This knowledge is
critical to an urderstanding of the behaviour of optical amplifiers in a cascaded system.

Chapter 3 looked at a mathematical model for signal and noise propagation in a bidircctional
transmission system of cascaded EDFAs. The model looks at the propagation of two
contra-propagat.ng signals in a bidirectional transmission link along with forward and
backward propagating ASE and Rayleigh backscattered light. Double Raylcigh
backscattering was neglected. A computer simulation package was developed based on the
model equations. The simulation enables us to study the performance of a bidirectional
transmission system with EDFAs while varying parameters such as launched signal
wavelength and power, inter amplifier link length, amplifier position, and presence of
Rayleigh backscattering.

Chapter 4 looked at experimental results obtained with a bidirectional transmission sctup
with three EDFAs. Characteristics of bidirectional transmission in cascaded EDFAs have
been studied through the measurement of the forward and backward output spectra of each
amplifier in nine different setups. Bidirectional transmission of two digital signal at 622.08
Mb/s over the equivalent of 235 km for a bit error rate of 10-9 was alzo achieved with two
amplifiers used as pre/post amplifiers and one used as an in-line amplifier.

In analyzing the experimental results in chapter 4, we learned that the accumulation of ASE
and the Rayleigh backscattered light in the system have an important effect in compressing
the gain of the amplifiers. A large accumulated ASE power peak at 1535 nm can in fact be
considered as an additional saturating signal with non negligible effect on gain
compression. We saw in section 4.4.4 that a large ASE peak could induce enough gain
compression in the amplifier to yield a lower gain than in a more saturated amplifier with
less accumulated ASE.

We have seen that it is desirable to use signal wavelengths with similar small signal gains in
a bidirectional transmission system with inter-amplifier l:ak loss no greater than the
smallest small signal gain in the system. This allows each signal to maintain a relatively
constant power level along the system.
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We also saw that Rayleigh backscaering in an open bidirectional cascade of amplifiers
introduces a penalty by lowering the gain of the amplifiers in the system. We presented in
section 4.6 some ideas for reducing the effect of Rayleigh backscattering without
climinating the possibility of bidirectional transmission of signals.

Comparison between the simulation and experimental data showed a reasonable agreement.
The discrepancies can be explained by:

a) The somewhat limited capacity of the EDFA simulation to handle highly saturated
regime.

b) Experimental measurement errors and estimation of insertion loss of each component in
the set-up.

c¢) Uncertainties about the erbium-doped fibre (EDF) parameters such as absorption and
emission cross sections, erbium dopant concentration and confinement, and others. We, in
fact, had to modify the emission cross section data provided by NOI, the manufacturer of
the EDF, to reach a reasonable agreement with experimental datn the original emission
cross secticns giving unsatisfying results.

d) Discrepancies between simulated and experimental results inc. “asi_ at each stage in the
cascaded system.

As far as future work is concerned, it would be interesting to look in more depth at the
capacity of the EDFA simulation to handle highly saturated regime.

Double Rayleigh backscattering could also be included in the model for signal and noise

propagation.

Using narrower bandpass filters in the bidirectional transmission setup would allow better
filtering of the ASE and Rayleigh backscattered signal, and may permit transmission of
more closely spaced signals.

Bidirectional transmission with more amplifiers in the system would also be of interest in
order to see how additional stages would change the performance of the transmission
system and if the discrepancies between simulated and experimental results would continue
to increase. A recirculating loop experiment could alleviate the burden of having to deal
with a great nu.nber of amplifiers.
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Finally, bidirectional transmission in open cascades of EDFAs is a rather new field of
research and more work needs to be done before such a system becomes common in field

applications.
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Appendix A : Rayleigh scattering

Optical fibres arc iade of glass and in that glass there are sorie discontinuities and little
imperfections that simply cannot be avoided during manufacturing. Hence, scattering
losses arise from microscopic variations and structural inhomogeneities or defects in the
fibre [41]. Refractive index variations occur within the glass over small distances
compared to the wavelength. These variations causc Rayleigh scattering of the light. The
percentage of scaltered photon varies with the wavelength of the launched signal as

]
'YRXF (Al)

The loss of power caused by Rayleigh scattering can bz expressed as [42]

L=cxp(—YrL) (A2)
where L : length of fibr:
Yr : Rayleigh scattering coefficient

The Rayleigh scattered light is scattered in aimost all directions and part of it is recaptures
and guided by the fibre in the forward and backward directions. Of interest here is the
amount of scattered light coupled into the fibre and travelling in the opposite direction from
the original signal, which gives rise to the Rayleigh backscattering phenomenon.

Pin
S N
PB 46:,) D,

Figure A.1 - Rayieigh backscattering in an opticai fibre

The Rayleigh backscattering coefficient is a measure of the amount of power coming back
at the entrance of a fibre for a given input power, as illustrated in figure A.1, so that

PRB = a’RBPin (A.3)
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The Rayleigh backscattering coefficient is in general around -30 to -33 dB fer silica

transmission fibre. We used two types of transmission fibre in our experiments with
Rayleigh backscattering coefficient measured to be as follows [32):

Fibre type Rayleigh backscattering coefficient [dB]
Northern Telecom -31.5
Corning -33.2

Table A.1 - Rayleigh backscattering coefficient of different transmission
fibres used
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Appendix B : Bidirectional cascaded "DFAs
simulation coae

We here present the code that was specifically written from the signal and noise
propagation model developed in chapter 3 of this thesis. The simulation uses Freeman's
EDFA and PDATA programs which we do not print here for economy of space but rather

refer the reader to reference [25] for more information.

The user only has to enter the desired parameters in the text files "param_file_1" and

"launched_params" to simulate bidirectional transmission in a cascade of EDFAs.

Listing of bi-di-tx.c:

/*
C-coded simulation of bidirectional transmission system with cascaded EDFAs. Uses
Jim Freeman's EDFA and PDATA programs. User definable parameters are in text files

"param_file_1" and "launched_params".
*/

#include <stdio.h>
#include "const.h"
#include "fcns.h"
#include <math.h>
#include "param_gbls.h"

double
pout[50],
*GBL_link_loss,
*GBL_aipha_R_fwd,
*GBL _alpha_R_bwd,
*GBL_fwd_pump,
*GBL_bwd_pump,
alphacl,
alphac2,
*GBL_fwd_psd,
*GBL_bwd_psd;

int
GBL_n_amps,
GBL_ite_max,
selection;
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main()

int i, j, ite, amp_num,;

doubie pfin[10][50], pbin[10][50],
pbout[10][{50], pfout[1(:;{50],
pumpf[10],pumpb[10],
pf50], pb[50],
alpha[50],alphaRfwd[50],alphaRbwd[50],
dummy;

FILE *{_ptr,*f_ptr2;

static char filename[15];

extern double pout[50];

read_params();
read_launched_params();

for (j=0;j<GBL_n_channels;++j)

pfTj]=0; pbij]=0;
for (i=0;i<GBL_n_amps;++i)

pfini][j]=0; pfout[i][j}=0;
pbin{i][j]=0; pbout[i](j}=0;

}

for (i=0;i<=GBL_n_amps;-+i)

{
dummy=*(GBL_link_loss+i);
alphafi]=dummy;

for (1=0;i<=GBL_n_amps;+i)

{
dummy=*(GBL_alpha_R_fwd+i);
alphaRfwd[i}]=dummy;

for (i=0;i<=GBL_n_arnps;++i)

{
dummy=*(GBL_alpha_R_bwd+i);
alphaRbwd[i]=dummy;

}

for (i=0;i<GBL_n_amps;++i)
{

dummy=*(GBL_fwd_pump-+i);
pumpfli]=dummy;

dummy=*(GBL_bwd_pump-i);
pumpblij=dummy;
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for (i=0;i<GBL_n_channels;++i)

{
dummy=*(GBL_fwd_psd+i);
i i]=dummy;

dummy=*(GBL_bwd_psd+i);
pb[i]=dummy;
}

for (ite=0; ite<GBL_ite_max; ++ite)

/* Propagating fwd signal from amp 1 to amp N */

f_ptr=fopen("param_{file_2","w");
sprintf(filename,"pfin 1-ite%d" ite);
f_ptr2=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

pfin[O][i]=pfli]*alphac1*alpha{0] + pbout[0][i]*alphaRbwd[0];
fprintf (f_ptr,"%g\n",pfin[0][i]);
fprintf (f_ptr2,"%g\n",pfin[0][i});

)

fclose(f_ptr2),
=orintf(filename,"pbin1-ite%d",ite);
i_ptr2=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

pbin[0]{i]=pfout[0][i]*alphaRfwd[1] + pbout[1]{i]*alphaf1};
fprintf(f_ptr,"%g\n" ,pbin[0][il);
fprintf (f_ptr2,"%g\n",pbin[0][i]);

)
fclose(f_ptr2);

fprintf({_ptr,"%g\n%g\n",pumpf[0],pumpb{0]);
fclose(f_ptr);

edfa();
sprintf(filename, "pfoutl-ite%d",ite);
f_ptr=fopen(filename,"w");

selection=1;

pdata();

for (i=0;i<GBL_n_channels;++i)

pfout[0][i]=pout[i];
fprintf(f_ptr,"%g\n",pfout[0][i]);

]
fclose(f_ptr);

sprintf(filename, "pbout1-ite%d" ite);
f_ptr=fopen(filename,"w");
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selection=2;
pdata();
for (i=0;i<GBL_n_channels;++i)

pbout{O][i]=pout[i];
fprintf(f_ptr,"%g\n",pbout[0][i]);

}
fclose(f_ptr);

H(GPR_n .. >I
“.. "¢ _num=l; amp_num<(GBL_n_amps-1); ++amp_num)
_ptr=fopenr! ~aram_file_2","w");
sprintf(file.. .- :2,"pfin%d-ite%d" ,amp_num-+1,ite);
f_ptr2=foye: (filename,"w");
for (1=0;i<GBL_n_channels;++i)

{
pfin[amp_num]fij=pfout[amp_num-1][i]*alphajamp_num] +
pbout[amp_num][i]*alphaRbw:{amp_num};
fpriatf(f_ptr," %g\n",pfin[amp_num]{i]);
fprintf(f_ptr2,"%g\n" pfin[amp_num][i]);

}

fclose(f_ptr2);

sprintf(filename,"pbin%d-ite%d" ,amp_num+1,ite);
f_ptr2=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

pbinfamp_num][i]=pfoutfamp_num]{i]*alphaRfwd{amp_num+1] +
pbout[amp_num+1][i}*alphalamp_num+1];

fprintf(f_ptr,"%g\n",pbin[amp_num][i]);

fprintf(f_ptr2,"%g\n",pbin[amp_num][i]);

fclose(f_ntr2);

fprintf(f_ptr,"%g\n%g\n" ,pumpflamp_num],pumpb[amp_num]);
fclose(f_ptr);

edfa(};

sprintf(filename," %s%d%s%d","pfout" ,amp_num+1,"-ite" ite);
f_pir=fopen(filename,"w");

selection=1;

pdata();

for (i=0;i<GBL_n_channels;++i)

pfout[amp_numl][i]=pout]i];
fprintf(f_ptr,"%g\n",pfout[amp_num]([i]);

fclose(f_ptr);

sprintf(filename," %s%d%s%d","pbout" ,amp_num+1,"-ite" ite);
f_ptr=fopen(filename,"w");

selection=2;

pdata();
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for (i=0;i<GBL_n_channels;++i)

{
pbout[amp_num]{i]=pout[i];
fprintf(f_ptr,"%g\n",pbout{amp_num][i]);

J
fclose(f_ptr);
}

f_ptr=fopen("param_file_2","w");
sprintf(filename,"pfin%d-ite%d" ,GBL_n_amps,ite);
f_ptr2=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

pfin[GBL_n_amps-1]{i]=pfout{GBL_n_amps-2][i]*alpha[GBL_n_amps-1] +
pbout{GBL_n_amps-1][i]*alphaRbwd[GBL_n_amps];

fprintf(f_ptr,"%g\n",pfin[GBL_n_amps-1][i]);

fprintf(f_ptr2,"%g\n" pfin[GBL_n_amps-1][i]);

}

fclose(f_ptr2);

sprintf(filename,"pbin%d-ite%d" ,GBL_n_amps,ite);
f_ptrz=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

pbin[GBL_n_amps-1][i]=pbli]*alphac2*alpha| GBL __n_amps] +
pfout[GBL_n_amps-1]{i]*alphaRfwd[GBL_n_amps-1];

fprintf(f_ptr,"%g\n",pbin[GBL_n_amps-1][i]);

fprintf(f_ptr2,"%g\n" ,pbin[GBL_n_amps-1][i]);

}
fclose(f_ptr2);

fprintf(f_ptr,"%g\n%g\n",pumpf[GBL_n_amps-1],pumpb[GBL_n_amps-1]);
fclose(f_ptr);

edfa();

sprintf(filename,"pfout%d-ite%d" ,GBL_n_amps,ite);
f_ptr=fopen(filename,"w");

selection=1;

pdata();

for (i=0;i<GBL_n_channels;++i)

pfout[GBL_n_amps-1][i]=pout[i];
fprintf(f_ptr,"%g\n" ,pfout[GBL_n_amps-1][i]);

fclose(f_ptr);

sprintf(filename,"pbout%d-ite%d",GBL_n_amps,ite);
f_ptr=fopen(filename,"w");

selection=2;

pdata();

for (i=0;i<GBL_n_channels;++i)

pbout[GBL_n_amps-1]{i]=pout[i];
fprintf(f_ptr,"%g\n" ,pbout[GBL_n_amps-1][i]);
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fclose(f_ptr);

/* Propagating bwd signals from amplifier N-1 to amplifier 2

if (GBL_n_amps>2)
for (amp_num=(GBL_n_amps-2); amp_num>=1; --amp_num)

f_ptr=fopen("param_file_2","w"},
sprintf(filename,"pfin%d-ite%d",amp_num+1,ite);
f_ptr2=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

{
pfin[amp_num][i]=pfout{amp_num-1][i]*alphalamp_num|
pbout[amp_num][i}*alphaRbwd[amp_num];
fprintf(f_ptr," %g\n" pfin[amp_num](i]);
fprintf(f_ptr2,"%g\n" pfin[amp_num)](i]);

}

fclose(f_ptr2);

sprintf(filename,"pbin%d-ite%d" amp_num+1,ite);
f_ptr2=fopen(filename,"w");

for (i=0;i<GBL_n_channels;++i)

pbin[amp_num][i]=pfout[amp_num]{i}*alphaRfwd[amp_num+1] +
pboutfamp_num+1][i}*alphalamp_num+1];

fprintf(f_ptr,"%g\n" pbin[amp_num][i]);

fprintf(f_ptr2,"%g\n",pbin[amp_num)](i]);

}
fclose(f_ptr2);

fprintf(f_ptr,"%g\n%g\n" ,pumpf[amp_num],pumpb{amp_numy});
fclose(f_ptr);

edfa();

sprintf(filename," %s%d%s%d","pfout" ,amp_num+1,"-ite" ite);
f_ptr=fopen(filename,"w");

selection=1;

pdata();

for (i=0;i<GBL_n_channels;++i)

pfout[amp_num][i]=pout[i];
fprintf(f_ptr," %g\n" pfout[amp_num][il);

}
fclose(f_ptr);

sprintf(filename," %s%d%s%d","pbout” amp_num+1,"-ite" ite);
f_ptr=fopen(filename,"w");

selection=2;

pdata();

for (i=0;i<GBL_n_channels;++i)

pboutfamp_num]fi]=pout[i};
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fprintf(f_ptr,"%g\n",pbout[amp_num}{i]);

)
fclose(f_ptr);

}
exit(0);

}

AL EL
*  FUNCTION: read_launched_params
P
kg ok *‘/

read__launched_params()
{

int i,num;

FILE *f_ptr;

float float_in;

int short_in;

char  *malloc();

{_ptr=fopen("launched_params","r");
if ({_ptr==NULL)

printf ("\nERROR: UNABLE TO OPEN 'launched_params' file.\n");
exit(1);

)

num=fscanf(f_ptr,"%d %*["\n]\n",&short_in);
GBL_n_amps=short_in;
if (num!=1) {printf("\nERROR: in 'launched_params' file: amps number.\n"); exit(1);}

GBL_fwd_pump=(double*) malloc(sizeof(double)*(GBL_n_amps));
for (i=0;i<GBL_n_amps;++i)
{
num=fscanf(f_ptr,"%g %*["\n]\n",&float_in);
*(GBL_fwd_pump+i)=(double) float_in;
if (num!=1) {printf("\nERROR: in 'launched_params' file: fwd pump power.\n");
exit(1);}
}

GBL_bwd_pump=(double*) malloc(sizeof(double)*(GBL_n_amps));
for (i=0;i<GBL_n_amps;++i)

{

num=fscanf(f_ptr,"%g %*["\n]\n",&float_in};

*(GBL_bwd_pump-+i)=(double) float_in;

;f (num!=1) {printf("\nERROR: in 'launched_params’ file: bwd pump power.\n");
exit(1);
!
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GBL_link_loss=(double*) malloc(sizeof(double)*(GBL_n_amps+1)):
for (i=0;i<=GBL_n_amps;++i)
{
num=fscanf(f_ptr,"%g %*["\n]\n",&{loat_in);
*(GBL_link_loss+i)=(double) float_in:
it (num!=1) {printf("\nERROR: in 'launched_params' file: link loss.\n"); exit(1);)
}

GBL _alpha_R_fwd=(double*) malloc(sizeof(double)*(GBL_n_amps+1));
for (i=0;i<=GBL_n_amps;++i)
{
num=fscanf(f_ptr,"%g %*["\n]\n",&float_in);
*(GBL _alpha_R_fwd+i)=(double) float_in;
if (num!=1) {prinif("\nNERROR: in Taunched_params' filc: alphaR\n"); exit(1);)
}

GBL_alpha_R_bwd={double*) malloc(sizeof(double)*(GBL_n_amps+1));
for (i=0;i<=GBL_n_amps;++i)

{
num=fscanf(f_ptr,"%g %*["\n]\n",&float_in);
*(GBL_alpha_R_bwd+i)=(double) float_in;
if (num!=1) {printf("\nERROR: ia 'launched_params' file: alphaR\n"); exit(1);)
}

num=fscanf(f_ptr,"%g %*["\n]\n",&float_in);
alphacl=(double) float_in;
if (num!=1) {printf("\nERROR: in 'launched_params' file: alphacl.\n"); exit(1); )

num=fscanf(f_ptr,"%g %*[Mn]\n",&float_in);
alphac2=(double) float_in;
if (num!=1) {printf("\nERROR: in Jaunched_params' file: alphac2.\n"); exit(1);)

num=fscanf(f_ptr,"%d %*[Mn]\n",&short_in);
GBL_n_channels=short_in;
if (num!=1) {printf("\nERROR: in 'launched_params' file: channel number.\n"); exit(1);}

GBL_fwd_psd=(double*) malloc(sizeof(double)*GBL_n_channcls);
GBL_bwd_psd=(double*) malloc(sizeof(double)*GBL_n_charinels);

for (i=0;i<GBL_n_channels;++i)
{
num=fscanf(f_ptr,"%g %*[*\n]\n",&float_in),
*(GBL_fwd_psd+i)=(double) float_in;
if (num!=1) {printf("\nERROR: in 'launched_params' file: fwd psd.\n"); exit(1);}

for (i=0;i<GBL_n_channels;++i)
{
num=fscanf(f_ptr,"%g %*[*\n]\n",&float_in);
*(GBL_bwd_psd+i)=(doubie) float_in;
if (num!=1}) {printf("\nERROR: in 'launched_params' file: bwd psd.\n"); exit(1);}
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num=fscanf({_ptr,"%d %*["\n]\n",&short_in);
GBL _ite_max=short_in;
if (num!=1) {printf("\nERROR: in 'launched_params' file: iteration number.\n"); exit(1);}
close(f_ptr);

return,

)

Listing of launched_params:

3.0  /* Number of amplifiers in the cascade */

22 /* Forward pump power for amplifier | */
50 /* Forward pump power for amplifier 2 */
50 /* Forward pump power for amplifier 3 */
0 /* Backward pump power foi amplifier 1 */

0 /* Backward pump power for amplifier 2 */

0 /* Backward pump power for amplifier 3 */

1 /* Loss of link 0 */

8.7096e-3 /* Loss of link 1 */

6.0954¢-3 /* Loss of link 2 */

1 /* Loss of link 4 */

0 /* Forward Rayleigh backscattering coefficient of link 1*/
5.1286e-4 /* Forward Rayleigh backscattering coefficient of link 2*/
5.1286e-4 /* Forward Rayleigh backscattering coefficient or link 3*/
0 /* Forward Rayleigh backscattering coefficient of link 4*/

0 /* Backward Rayleigh backscattering coefficient of link 1*/
3.4674¢-4 /* Backward Rayleigh backscattering coefficient of link 2*/
3.4674e-4 /* Backward Rayleigh backscattering coefficient of link 3*/
0 /* Backward Rayieigh backscattering coefficient of link 4*/

1.0 /* Entrance coupling ratio */

1.0 /* Exit coupling ratio */

38.0 /* Number of channels */

Oe-17 /* PSD of fwd channel 0 */

Oe-17 /* PSD of fwd channel 1 */



Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17

3.4046e-12

Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Qe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17

/* PSD of fwd channel 2 */
/* PSD of {wd channel 3 */
/* PSD of fwd channel 4 */
/* PSD of fwd channel 5 */
/* PSD of fwd channel 6 */
/* PSD of fwd channel 7 */
/* PSD of fwd channel 8 */
/* PSD of fwd channel 9 */
/* PSD of fwd channel 10 */
/* PSD of fwd channel 11 */
/* PSD of fwd channel 12 */
/* PSD of fwd channe] 13 */
/* PSD of fwd channel 14 */

/* PSD of fwd channel 16 */
/* PSD of fwd channel 17 */
/* PSD of fwd channel 18 */
/* PSD of fwd channel 19 */
/* PSD of fwd channel 20 */
/* PSD of fwd channel 21 */
/* PSD of fwd channel 22 */
/* PSD of fwd channel 23 */
/* PSD of fwd channel 24 */
/* PSD of fwd channel 25 */
/* PSD of fwd channel 26 */
/* PSD cof fwd channel 27 */
/* PSP of fwd channel 28 */
/* PSD of fwd channel 29 */
/* PSD of fwd channel 30 */
/* PSD of fwd channel 31 */
/* PSD of fwd channel 32 */
/* PSD of fwd channel 33 */
/* PSD of fwd channel 34 */
/* PSD of fwd channel 35 */
/* PSD of fwd channel 36 */
/* PSD of fwd channel 37 */

/* PSD of fwd channel 15 */
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Oc-17
Oe-17
Oc-17
Oc-17
Oc-17
Oe-17
Oe-17
Oc-17
Oe-17
Oe-17
Oc-17
Oc-17
Oe-17
Oc-17
Oc-17
Oe-17
Oc-17
Oe-17
Oe-17
Oe-17
Oe-17
Oc-17
Oe-17
0z-17
Oe-17
Oe-17

3.4046e-12

Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17
Oe-17

/* PSD of bwd channel] 0 */
1* PSD of bwd channcl | */
/* PSD of bwd chaiuel 2 */
/* PSD of bwd charnel 3 */
/* PSD of bwd channeli 4 */
/* PSD of bwd chant:zl 5 */
/* PSD of bwd channel 6 */
/* PSD of bwd channel 7 */
/* PSD of bwd channel 8 */
/* PSD of bwd channel 9 */
/* PSD of bwd channel 10 */
/* PSD of bwd channel 11 */
/* PSD of bwd channel 12 */
/* PSD of bwd channel 13 */
/* PSD of bwd channel 14 */
/* PSD of bwd channel 15 */
/* PSD of bwd channel 16 */
/* PSD of bwd channel 17 */
/* PSD of bwd channel 18 */
/* PSD of bwd channel 19 */
/* PSD of bwd channel 20 */
/* PSD of bwd channel 21 */
/* PSD of bwd channel 22 */
/* PSD of bwd channel 23 */
/* PSD of bwd channel 24 */
/* PSD of fwd channel 25 */

/* PSD of fwd channel 27 */
/* PSD of fwd channel 28 */
/* PSD of fwd channel 29 */
/* PSD of fwd channel 30 */
/* PSD of fwd channel 31 */
/* PSD of fwd channel 32 */
/* PSD of fwd channel 33 */
/* PSD of fwd channel 34 */
/* PSD of fwd channel 35 */

/* PSD of fwd channel 26 */

147



Oe-17 /* PSD of fwd channel 36 */
Oe-17 /* PSD of fwd channel 37 */
6 AMaximum number of iterations */

Listing ~! param_file_1 :

2.38 /* core radius, a (um) */

1.4637 /* value of n_core */

1.457  /* value of n_clad */

3.59¢18 /* value of N_0 (cm”-3) */

1.54e-21  /* absorption cross section at pump w-1, sig_A_p (cm”2) */
2.0 /* value of 'w_factor' n(r) = eM-(w_factor*(1r/a)2) */

1.0 /* value to divide PO by (usually 1000 or 1) */

0.0000 /*eta */

11e-3 /* tau (s) */

30.0e2  /* value of max_length (max. fibre length in cm) */

0.980  /** pump wavelength, lambda_p (um) */

10. /** min. forward pump input power in mW (for gain calcs) */
40. /** max. forward pump input power in mW (for gain calcs) */
10. /** min. backward pump input power in mW (for gain calcs)  */
40. /** max. backward pump input power in mW (for gain calcs)  */
38 /** number of signal channels */

1.5304 /** CH.O signal waelength, lambda_s (um) */
1.025¢e11 /** CH.O delta_nu_s, the linewidth of signal source (Hz) *f
1.5312 /** CH.1 signal v.avelength, lambda_s (um) */
1.025¢11 /** CH.1 delta_nu_s, the linewidth of signal source (Hz) */
1.532 /** CH.2 signal wavelength, lambda_s (um) *f
1.025el1  /** CH.2 delta_nu_s, the linewidth of sigial source (Hz) */
1.5328 /¥* CH.3 signal wavelength, lambda_s (um) */
1.025¢e11 /** CH.3 delta_nu_s, the linewidth of signal source (Hz) */
1.5336 /** CH.4 signal wavelength, lambda_s (um) @f

1.025¢11 /** CH.4 delta_nu_s, the linewidth of signal source (Hz) */
1.5344 /** CH.5 signal wavelength, lambda_s (um) */



1.025¢ct1 /**% CH.5 delta_nu_s, the linewidth of signal source (Hz)
1.5352 /** CH.6 signal wavelength, lambda_s (um) */
1.025¢11] /** CH.6 delta_nu_s, the linewidth of signal source (Hz)
1.536 /** CH.7 signal wavelength, lambda_s (um) */
1.025¢11 /** CH.7 delta_nu_s, the linewidth of signal source (Hz)
1.5368 /** CH.8 signal wavelength, lambda_s (um) */
[.025¢11 /** CH.8 delta_nu_s, the linewidth of signal source (Hz)
1.5376 /¥* CH.9 signal wavelength, lambda_s (um) */
1.025e11 /** CH.9 delta_nu_s, the linewidth of signal source (Hz)
1.5384 /** CH.10 signal wavelength, lambda_s (um) */
1.025¢11 /** CH.10 delta_nu_s, the linewidth of signal source (Hz)
1.5392 /¥* CH.11 signal wavelength, lambda_s (um) */
1.025¢l1 /** CH.11 delta_nu_s, the linewidth of signal source (Hz)
1.54 /** CH.12 signal wavelength, lambda_s (um) */
1.025¢11  /** CH.12 delta_nu_s, the linewidth of signal source (Hz)
1.5408 /** CH.13 signal wavelength, lambda_s (um) */
1.025e11 /**% CH.13 delta_nu_s, the linewidth of signal source (Hz)
1.5416 /** CH.14 signal wavelength, lambda_s (um) */
1.025¢11 /** CH.14 delta_nu_s, the linewidth of signal source (Hz)
1.5424 /** CH.15 signal wavelength, lambda_s (um) */
2.5¢10  /** CH.15 delta_nu_s, the linewidth of signal source (Hz)
1.5432 /** CH. 16 signal wavelength, lambda_s (um) */
1.025¢e11 /** CH.16 deltz.__nu_s, the linewidth of signal source (Hz)
1.544 /** CH.17 signal wavelength, lambda_s (um) */
1.025el11 /** CH.17 delta_nu_s, the linewidth of signal source (Hz)
1.5448 /** CH.18 signal wavelength, lambda_s (um) */
1.025¢el11 /** CH.18 delta_nu_s, the linewidth of signal source (Hz)
1.5456 /** CH.19 signal wavelength, lambda_s (um) */
1.025¢e11 /** CH.19 delta_nu_s, the linewidth of signal source (Hz)
1.5464 /** CH.20 signal wavelength, lambda_s (um) */
1.025e11 /** CH.20 delta_nu_s, the linewidth of signal source (Hz)
1.5472 /** CH.21 signal wavelength, lambda_s (um) */
1.025¢e11 /** CH.21 delta_nu_s, the linewidth of signal source (Hz)
1.548 /** CH.22 signal wavelength, lambda_s (um) */

1.025el1l /** CH.22 delta_nu_s, the linewidth of signal source (Hz)
1.5488 /** CH.23 signal wavelength, lambda_s (um) */

*/

*/

*/

*/

*/

*/

*/

*/

*/

*/
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1.025¢e11 /** CH.23 delta_nu_s, the linewidth of signal source (Hz) */

1.5496 /** CH.24 signal wavelength, lambda_s (umi) */
1.025e11  /** CH.24 delta_nu_s, the linewidth of signal source (Hz) */
1.5504 /** CH.25 signal wavelength, lambda_s (um) */
1.025¢l11 /** CH.25 delta_nu_s, the linewidth of signal source (Hz) */
1.5512 /** CH.26 signal wavelength, lambda_s (um) */
2.5el0  /** CH.26 delta_nu_s, the linewidth of signal source (Hz) */
1.552 /** CH.27 signal wavelength, lambda_s (um) */
1.025¢el11 /** CH.27 delta_nu_s, the linewidth of signal source (Hz) */
1.5528 /** CH.28 signal wavelength, lambda_s (um) */
1.025¢l11 /** CH.28 delta_nu_s, the linewidth of signal source (Hz) */
1.5536 /** CH.29 signal wavelength, lambda_s (um) */
1.025¢el1 /** CH.29 delta_nu_s, the linewidth of signal source (Hz) *f
1.5544 /** CH.30 signal wavelength, lambda_s (um) */
1.025¢el11 /** CH.30 delta_nu_s, the linewidth of signal source (Hz) */
1.5552 /** CH.31 signal wavelength, lambda_s (um) */
1.025e11  /** CH.31 delta_ru_s, the linewidth of signal source (Iiz) */
1.556 /¥* CH.32 signal wavei. .zth, lambda_s (um) *f
1.025¢el11 /** CH.32 delta_nu_s, the linewidth of signal source (Hz) */
1.5568 /** CH.33 signal wavelength, lambda_s (um) */
1.025¢e11 /** CH.33 delta_nu_s, the linewidth of signal source (Hz) */
1.5576 /** CH.34 signal wavelength, lambda_s (um) */
1.025¢l1 /** CH.34 delta_nu_s, the linewidth of signal scurce (Hz) */
1.5584 /** CH.35 signal wavelength, lambda_s (um) */
1.025e11 /** CH.35 delta_nu_s, the linewidth of signal source (Hz) */
1.5592 /** CH.36 signal wavelength, lambda_s (um) */
1.025e11 /** CH.36 delta_nu_s, the linewidth of signal source (Hz) */
1.56 /** CH.37 signal wavelength, lambda_s (um) */

1.025e11  /** CH.37 delta_nu_s, the linewidth of signal source (Hz) */
le-12  /** CH.O min. signal input power in mW (for gain calcs) */
le-8 /** CH.O max. signal input power in mW (for gain calcs) */
ie-12  /** CH.I min. signal input power in mW (for gain calcs) */
le-8 /¥* CH.1 max. signal input power in mW (for gain calcs) */

le-12  /** CH.2 min. signal input power in mW (for gain calcs) */
le-8 /** CH.2 max. signal input power in mW (for gain calcs) */

le-12 /** CH.3 min. signal input power in mW (for gain calcs) */



le-8
le-12
le-8
le-12
le-8
ie-12
le-8
ic-12
le-8
le-12
Ic-8
le-12
le-8
le-12
1c-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12

/** CH.3 max.
/** CH.4 min.
/** CH.4 max.
/** CH.S min.
/** CH.S max.
/** CH.6 min.
/** CH.6 max.
/** CH.7 min.
/*¥* CH.7 max.
/** CH.8 min.
/** CH.8 max.
/** CH.9 min.

signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs) */
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs) */
signal input power in m¥W (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs) */
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs) */
signal input power in mW (for gain calcs)

/** CH.9 max. signal iuput power in mW (for gain calcs)

/** CH.10 min.
/** CH.10 max.
/¥* CH.11 min.
/*¥* CH.11 max.
/** CH.12 min.
/*¥*% CH.12 max.
/** CH.13 min.
/*¥ CH.13 max.
/** CH. 14 min.
/*¥* CH.14 max.
/** CH.15 min.
/** CH.15 max.
/** CH.16 min.
/¥* CH.16 max.
/** CH.17 min.
/** CH.17 max.
/** CH.18 min.
/** CH.18 max.
/** CH.19 min.
/** CH.19 max.
/** CH.20 min.
/** CH.20 max.
/** CH.21 min.

signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (fcr gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs?
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in raW (for gain calcs}
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)

o4 /
*
*/
*/

*/
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le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
le-8
le-12
ie-8
le-12
le-8
le-12
le-§
38

1.5304
1.025el1

/¥* CH.21 max.
/** CH.22 min.
/** CH.22 max.
/** CH.23 min.
/¥* CH.23 max.
/** CH.24 min.
/** CH.24 max.
/** CH.25 min.
/¥*¥ CH.25 max.
/** CH.26 min.
/** CH.26 max.
/** CH.27 min.
/** CH.27 max.
/** CH.28 min.
/** CH.28 max.
/¥* CH.29 min.
/¥* CH.29 max.
/** CH.30 min.
/** CH.30 max.
/#* CH.31 min.
/** CH.31 max.
/** CH.32 min.
/** CH.32 max.
/** CH.33 min.
/** CH.33 max.
/** CH.34 min.
/** CH.34 max.
/** CH.35 min.
/**¥ CH.35 max.
/** CH.36 min.
/** CH.36 max.
/** CH.37 min,
/** CH.37 max.

signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain caics)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gzin calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
sigr:al input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input pewer in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calc:)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)
signal input power in mW (for gain calcs)

/** pumber of reflected channels */

/** CH.O signal wavelength, lambda_s (um)

/** CH.O delta_nu _s, the linewidth of signal source (Hz)

*/
%/
¥/
*/
*
x/
*/
*/
*/
*/
*
*/
*
*/
%/
*
#
*/
¥/
%/
*/
*/
*
*/
¥
*
%/
*/
*
*/
*/
*/
*

*/



1.5312 /¥* CH.1 signal wavelength, lambda_s (um) *
1.025¢l1 /** CH.1 delta_nu_s, the linewidth of signal source (Hz) */
1.532 /** CH.2 signal wavelength, lambda_s (um) *
1.025¢c11 /** CH.2 delta_nu_s, the linewidt!: of signal source (Hz) */
1.5328 /** CH.3 signal wavelength, lambda_s (um) */
1.025¢11 /** CH.3 delta_nu_s, the linewidth of signal source (Hz) */
1.5336 /+* CH.4 signal wavelength, lambda_s (um) *
1.025el1 /** CH.4 delta_nu_s, the linewidth of signal source (Hz) */
1.5344 /** CH.S signal wavelength, lambda_s (um) *
1.025el 1 /*¥* CH.5 delta_nu_s, the linewidth of signal source (Hz) */
1.5352 /** CH.6 signal wavelength, lambda_s (um) */
1.025¢l1 /*¥* CH.6 delta_nu_s, the linewidth of signal source (Hz) */
1.5360 /** CH.7 signal wavelength, lambda_s (um) */
1.025e1! /** CH.7 delta_nu_s, the linewidth of signal source (Hz) */
1.5368 /** CH.8 signal wavelength, lambda_s (urn) */
1.025el 1 /** CH.8 delta_nu_s, the linewidth of signal source (Hz) */
1.5376 /** CH.9 signal wavelength, lambda_s (um) */
1.025e11 /** CH.9 delta_nu_s, the linewidth of signal source (Hz) */
1.5384 /** CH.10 signal wavelength, lambda_s (um) */
1.025¢!1 /** CH.10 delta_nu_s, the linewidth of signal source (Hz) */
1.5392 /** CH.11 signal wavelength, lambda_s (um) */
1.025¢11 /** CH.11 delta_nu_s, the linewidth of signal source (Hz) */
1.54 /*¥* CH.12 signal wavelength, lambda_s (um) */
1.025¢11 /** CH.12 delta_nu_s, the linewidth of signal source (Hz) */
1.5408 /** CH.13 signal wavelength, lambda_s (um) */
1.025¢el 1 /** CH.13 delta_nu_s, the linewidth of signal source (Hz) */
1.5416 /** CH.14 signal wavelength, lambda_s (um) */
1.025¢e!1 /** CH.14 delta_nu_s, the linewidth of signal source (Hz) */
1.5424 /** CH.15 signal wavelength, lambda_s (um) */
2.5¢10  /** CH.15 delta_nu_s, the linewidth of signal source (Hz) */
1.5432 /** CH.16 signal wavelength, lambda_s (um) */
1.025el11 /** CH.16 delta_nu_s, the linewidth of signal source (Hz) */
1.544 /** CH.17 signal wavelength, lambda_s (um) */
1.025¢e11 /** CH.17 delta_nu_s, the linewidth of signal source (Hz) */
1.5448 /** CH.18 signal wavelength, lambda_s (um) */

1.025¢el1 /** CH.18 delta_nu_s, the linewidth of signal source (Hz) */



1.5456
1.025¢e11
1.5464
1.025el1
1.5472
1.025e11
1.548
1.025¢e11
1.5488
1.025¢e11
1.5496
1.025¢11
1.5504
1.025¢e11
1.5512
2.5¢10
1.5520
1.025¢el11
1.5528
1.025¢e11
1.5536
1.025¢el11
1.5544
1.025e11
1.5552
1.025¢11
1.5560
1.025e11
1.5568
1.025e11
1.5576
1.025el11
1.5584
1.025¢l11
1.5592
1.025el11

/** CH.19 signal wavelength, lambda_s (um)

/¥* CH.19 delte_nu_«. the linewidth of signal source (Hz)
/** CH.20 signal wavelength, lambda_s (um)

/** CH.20 delta_nu_s, th= linewidth of signal source (Hz)
/**% CH.21 signal wavelength, lambda_s (um)

/** CH.21 delta_nu_s, the L.newidth of signal source (Hz)

*

*/

*

/** CH.22 signal wavelengtii, lambda_s (um) */

/¥* CH.22 delta_nu_s, the "> :width of signal source (Hz)
/** CH.23 signal wavelength, Luabda_s (um)

/** CH.23 delta_nu_s, the lineveudih of signal source (Hz)
/** CH.24 signal wavelength, lambda_s (um)

/#* CH.24 delta_nu_s, the linewidth of signal source (Hz)
/** CH.25 signal wavelength, lambda_s (um)

/¥* CH.25 delta_nu_s, the lincwidth of signal source (Hz)
/** CH.26 signal wavelength, lambda_s (um)
/¥* CH.26 delta_nu_s, the linewidth of signal source (Hz)
/** CH.27 signal wavelength, lambda_s (um)

/** CH.27 delta_nu_s, the linewidth of signal source (Hz)
/** CH.28 signal wavelength, lambda_s (um)

/** CH.28 delta_nu_s, the linewidth of signal source (Hv)
/** CH.29 signal wavelength, lambda_s (um)

/** CH.29 delta_nu_s, the linewidth of signal source (Hz)
/** CH.30 signal wavelength, lambda_s (um)

/** CH.30 delta_nu_s, the linewidth of signal source (Hz)
/** CH.31 signal wavelength, lambda_s (um)

/** CH.31 delta_nu_s, the linewidth of signal sourcc (Hz)

*/

*/

*f

*/

i

*/

*/

*/

#

/** CH.32 signal wavelength, lambda_s (um) */

/** CH.32 delta_nu_s, the linewidth of signal source (Hz)
/** CH.33 signal wavelength, lambda_s (um)

/** CH.33 delta_nu_s, the linewidth of signal source (Hz)
/** CH.34 signal wavelength, lambda_s (um)

/** CH.34 delta_nu_s, the linewidth of signal source (Hz)
/** CH.35 signal wavelength, lambda_s (um)

/** CH.35 delta_nu_s, the linewidth of signal source (Hz)
/** CH.36 signal wavelength, lambda_s (um)

/** CH.36 delta_nu_s, the linewidth of signal source (Hz)

*/

*/

*

*/

*/

i

*/

*/

*/

:k/

*/

*/

*/

*/

*/

*/

*/

*/
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1.5600 /** CH.37 signal wavelength, iambda_s (um) */
1.025¢11 /** CH.37 delta_nu_s, the linewidth of signal source (Hz) */
1.5304 /* start wavelength of simulation, lambda_start(um) */
1.5600  /* end wavelength of simulation, lambda_end(um) */
0.0008  /* wavelength step of simulation, delta_lambda(um) */
38 /* # of sigma values in the file 'sigma_a'e_dat' */
.0008 /* w-1 spacing (um) of sigma values for file 'sigma_a/e_dat’ */
1.5424 /* gain_lambda - calculate gaun and noise parameters (um) */
50 /* # of runge_kutta invervals */
5 /* # of iterations to go thru */
15 /* # of signal steps (for gain calcs) */
3 /* # of pump steps (for gain calcs) */
3 /* pgm_options 1=Pdistrib; 2=Pp/Ps vs. Z; 4=gain; 8=pump thresh */
0 /* print tables to screen? (1=yes, O=no) */
1 /* write plus, minus, and sum.dat
*/

0 /* run program 2

*/
param_file2 /* param_file2 -- second program parameter file

*/



