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ABSTRACT

Many erbium doped fiber amplifier (EDFA) based multi-wavelength optical
networks employ techniques such as burst-switching or packet switching where the
time interval between traffic blocks can be long enough to induce EDFA optical
power transients. The optical power transients are created by abrupt changes in
the average input power to the EDFAs and can adversely affect the performance of
the network. To mitigate the effects of EDFA optical power transients on optical
networks, a method called power shaping where heads and tails are joined to the
beginning and end of a traffic block is investigated. A head (tail) gradually increases
(decreases) the channel power by employing a bit sequence in which the probability
of a “1” (“0”) increases from 0 to 0.5. Theoretical and experimental results both
show that EDFA optical power transients can be significantly reduced with adequate
shaping periods. Experiments also show the bit error rate of the system is reduced
for increased shaping periods. Power shaping is an economical means of suppressing
EDFA optical power transients compared to other physical layer approaches that
require the addition of specialized components and can be applied to EDFAs as well
as other solid-state and Raman optical amplifiers.
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INTRODUCTION

Erbium-doped fiber amplifiers (EDFAs) are an enabling technology for the

development and deployment of multi-wavelength optical networks. EDFAs offer wide

bandwidth that can provide gain to a large number of optical channels to offset loss

due to fiber attenuation, optical losses associated with various network components,

and power splitting. However, many optical networks use techniques such as burst

switching and packet switching where the time interval between transmissions can be

long enough to cause significant changes in the input optical power to the EDFAs.

The large changes in the input optical power to EDFAs can produce optical power

transients at the output of the EDFAs that can adversely affect the performance of

the optical network. In the case of wavelength division multiplexed (WDM) networks,

multiple optical channels can be added or dropped causing large changes to the optical

power input to the EDFAs inducing cross-gain saturation and producing large optical

power transients at the output of the EDFA in the surviving channels. This effect has

been shown both experimentally and analytically [1, 2, 3, 4, 5, 6, 7]. It has also been

reported that the magnitudes of the induced transients increase with the number of

amplifiers in a chain due to the temporal characteristics of excited state lifetimes,

depletion and saturation. Depending on system parameters, the power excursions in

the surviving channels can be several dB causing bit errors due to nonlinear fiber optic

effects if the output power is too high or an inadequate eye opening at the receiver

if the output power is too low. A need exists to control the optical power transients

associated with EDFAs to improve the overall network performance.

Several approaches have been proposed to mitigate EDFA transients, such as the

use of optical [8, 9] or electrical [10] feedback to automatically control EDFA gain.
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Figure 1: Illustration of a technique to reduce EDFA transients using electrical
feedback [10]

A scheme that combines the use of electrical feedback and feedforward is shown in

figure 1. In [10], a combination of electrical feedforward and feedback is used to

control the pump laser by monitoring the input and output powers of the EDFA. The

signals from the monitor outputs control the power of the pump laser which stabilizes

the gain of the signal channels.

The use of optical feedback is illustrated by [9] in figure 2. The optical feedback

loop is created with the use of wavelength selective optical couplers so lasing at a

wavelength outside the communications band occurs. The intensity at the lasing

wavelength and the intensity of channels in the communications band are inversely

related. If the intensity in the communications band suddenly decreases (as in a

channel drop), the lasing intensity increases and utilizes the surplus gain so that the

surviving channels in the communications band see reduced transients.

Another approach is to use dummy optical signals to maintain constant input

optical power as in [11, 12]. The technique for the use of dummy optical signals is
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Figure 2: Illustration of optical feedback technique to reduce optical transients in
EDFAs [9]

illustrated in figure 3. The dummy optical signal is created after a portion of the input

optical power is converted to an electrical signal and sent to an envelope detector.

The envelope detector signal is then inverted and sent to a laser whose wavelength lies

outside the communications band. The signal from this out-of-band laser is mixed

with the original signal so that the input power to the EDFA is constant. After

passing through the EDFA, the signal from the out of band laser is filtered from the

original input signals.

While these approaches have proven effective in some cases, they can be limited

by slow response time [8], the use of high-power lasers [12] or by the addition of

electronic [10, 11] and electro-optic components [11]. In the case of the automatic

optical gain-clamped EDFA (AOGC EDFA), significant transients still occur when

channels are switched on/off [13]. It has been observed that the switching time of the

channel add/drop affects the EDFA transient [14] and that gradually changing the

input power of the EDFA will decrease the amplitude and duration of the transients

[15].

Other methods used to control EDFA optical power transients involve keeping

a constant average input optical power to each EDFA in the optical network. This
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Figure 3: Illustration of the use of dummy optical signals to control optical power
transients [11].

can be achieved in optical networks such as synchronous digital hierarchy (SDH)

and synchronous optical networks (SONET), that employ electrical multiplexing

where a continuous bit stream is transmitted along the optical link. When no

user data is present, idle codes are transmitted which keeps the average power of

the optical channel almost constant. Therefore, EDFA optical power transients are

not a significant issue for this type of network. However, the trend is to replace

these networks with all-optical systems that support optical burst switching (OBS),

optical packet switching (OPS), and optical circuit switching. These types of networks

operate in such a way that there can be large time intervals where the average power

in a given channel is zero. The combination of dynamic channel power and long

chains of EDFAs can cause significant transients to occur.

The power shaping method proposed by Wenhao Lin et. al. [15] is based on the

fact that the amplitude and duration of the optical power transient generated by the

EDFA is affected by how rapidly the input optical power to the EDFA changes. If the

switching time for the input optical power is increased, the amplitude and duration

of the optical power transient generated by the EDFA is reduced. Using this idea, a
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power shaping technique has been developed for reducing the optical power transients

associated with EDFAs by adding heads (tails) at the beginning (end) of a packet.

A head (tail) gradually increases (decreases) the channel power by using a pseudo-

random bit sequence where the probability of a “1” (“0”) increases for 0 to 0.5 thus

increasing the switching time of the input optical power to the EDFA. The increased

switching time for the optical power reduces the amplitude and duration of the optical

power transients associated with the EDFA without adding any optical or electrical

components to the optical network while allowing for optical burst switching, optical

packet switching, and optical circuit switching.

The key contribution of this work is experimental verification of modeling and

simulations by [15] and examination of the use of different shaping profiles. This

thesis is organized as follows. Chapter 2 provides a discussion of power shaping

implementation considerations. The theory of the EDFA operation is presented in

chapter 3. A description of the experimental setup used to study the effects of power

shaping on the optical power transients generated by EDFAs is discussed in chapter 4.

Power shaping is characterized in terms of the system bit error rate in chapter 5.

Finally, in chapter 6, concluding remarks are presented.
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POWER SHAPING IMPLEMENTATION

Power shaping as it applies to the reduction of EDFA optical power transients is

defined as adjusting and maintaining the temporal behavior of the power of a channel

or connection [15]. Power shaping techniques provide a method of gradually increasing

or decreasing the average optical power input into the EDFA thus mitigating the

optical power transients associated with the EDFA that adversely affect network

performance. In networks where there are long idle times between continuous data

frames, transients are induced on surviving channels due to the abrupt change in the

input optical power to the EDFAs. By adding a head and tail to these traffic bursts,

EDFA transients can be significantly reduced. A head would be a sequence of bits

where the probability of a “1” is gradually increased from 0 to 0.5 while a tail is a

sequence of bits where the probability of a “1” is decreased from 0.5 to 0. Heads and

tails are placed at the beginning and end of the traffic block as shown in figure 4. The

shape and duration of the head and tail are important and experiments to establish

the effects of these parameters on transient mitigation are discussed in chapter 4.

Figure 4: Illustration of the power shaping principle [15,25]

Figure 4a illustrates what the average power versus time for a channel might look

like without power shaping. Transients would be created at the sharp transitions of

the traffic blocks. Figure 4b illustrates the power shaping technique as it would be

applied to a burst-switched network. In this case, a head is inserted at the beginning
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of the first traffic block and a tail is placed at the end of the last traffic block.

The application of power shaping in this case might be used in situations where the

duration of the burst is much larger than the length of the heads and tail for efficiency

purposes. The duration of the heads and tails is determined by the response time of

the system. The response time of the system can vary greatly depending on amplifier

parameters. If the time between subsequent data bursts is shorter than the response

of the system, then there would be no need for heads and tails.
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EDFA THEORY AND MODELING

Erbium as an Amplifier Material

Erbium doped fiber amplifiers (EDFAs) have been the enabling technology behind

cost effective, long distance, multi-channel optical networks. There are several other

in-line optical amplifier technologies available, and these technologies may have

advantages over the EDFA in some situations. However, the EDFA remains the

most popular amplifier technology for several reasons. The Er3+ ion has reasonably

sharp fluorescence bands such that sufficient radiant power at a specific wavelength is

achievable [16]. Some of these fluorescence bands occur at wavelengths corresponding

to regions of low attenuation in optical fiber as shown in figure 5. Also, EDFAs have

low pump thresholds, low insertion loss, polarization insensitivity, and a large signal

bandwidth [3].

Figure 5: Attenuation in fiber versus the wavelength of light. The blue line represents
Rayleigh scattering which is shown to decrease until it intersects the red line which
corresponds to infra-red absorption. The humps in the black attenuation curve are
due to impurities in the fiber.
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In Er3+, as with many other rare earth elements, exciting the atoms is made

easier due to broad band pumping levels. Broad pumping levels simplify the design

of pumping sources and allow the atoms to be excited with a range of photon energies.

After atoms are pumped into the upper broad bands, rapid non-radiative transitions

from the pumping bands into the sharp fluorescence bands occur. These fluorescence

bands can have relatively long lifetimes thus allowing for population inversion and

amplification to occur. In some cases, these upper fluorescence levels radiate into

a level that lies above the ground state. This type of system is called a four level

system. Er3+ is represented by a three level system where the upper fluorescence level

radiates directly into the ground state as in figure 6.

Figure 6: Illustration of the three level system. Incoming pump energy P moves
population into level 3 where it rapidly relaxes into level 2 via a non-radiative process.
A and B represent spontaneous and stimulated emission respectively. N.R. refers to
a non-radiative process.

The three level system for Er3+ is an adequate representation of an EDFA

operating at 1.5 µm. Rate equations for the three level system are derived and a

discussion of signal gain and saturation is presented. Also, the three level model for

Er3+ can be simplified into a two level system by making several assumptions. The

two level system allows for much simpler analytical solutions to the time dependent
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rate equations and numerical solutions to the time dependent rate equations are used

to explain the behavior of EDFAs in the event of abrupt changes in optical power.

Analysis of a Three Level System

To derive the rate equations for the three level representation of Er3+ doped glass,

we must first take a closer look at the three level energy diagram. Consider the three

level diagram shown in figure 7 where the pumping band is represented by level 3, the

fluorescence band is depicted as level 2 and level 1 is the ground state. To amplify

Figure 7: An illustration of the three level energy diagram where the transitions
between levels 1 and 3 are proportional to the product of the cross section at the
pump wavelength σp and the amount of pump flux ϕp. The same is true for transitions
between states 1 and 2 where population in those levels is proportional to the product
of the signal wavelength σs and the signal flux ϕs. Γ32, Γ31 and Γ21 represent the
spontaneous radiative and non-radiative transition rates from these levels. N1, N2

and N3 are the number of ions in each state [17].

an incoming signal, population inversion must be achieved between states 1 and 2.

Since Er3+ is a three level system, at least 50 percent of the total population must

be excited from the ground state to achieve inversion. In a four level system, if level
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2 (the next highest energy level from ground state) is sufficiently far away from the

ground state so that thermal excitation does not occur, then any atoms that are

excited from ground level form inverted populations [16]. This means that threshold

pump power needed to reach population inversion is higher for a three level system.

This is a significant drawback of the three level system as opposed to the four level

system, but since the light in an EDFA is confined to the small core of a fiber, high

intensities can be reached and population inversion is still easily achievable.

The photon flux from the pump source causes excitation of ions from level 1 to level

3 and is indicated by ϕp, and any photon flux at the signal frequency corresponding

to level 2 of the diagram is denoted by ϕs. The absorption cross section for the 1

to 3 transition and the emission cross section for the 2 to 1 transition are shown as

σp and σs respectively. The product of the photon flux and the cross section for a

given transition is called the stimulated transition probability and will be referred to

as Wij. For the purposes of this analysis Wij = Wji which assumes non-degenerate

levels.

The probabilities for population to transition out of level 3 are denoted as Γ32 and

Γ31. Γ21 indicates the transition probability from levels 2 to 1. Γ32 represents the

sum of radiative and non-radiative decay from level 3 to level 2 and in this case is

assumed to be non-radiative. Γ21 for Er3+ is mostly composed of radiative transitions

because the band gap is large enough to produce photons. This is due to the fact

that there are no intermediate energy levels between level 2 and the ground state at

level 1. The inverses of Γ32, Γ31 and Γ21 are defined as τ 32, τ31 and τ 21 which are

called the lifetimes for the given state.
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Rate Equations

Following [16, 17], the rate equations to describe the populations for the three

level system are written as

dN3

dt
= W13N1 −W31N3 − Γ32N3 − Γ31N3

= W13N1 − αN3 (1)

where α = W31 + Γ32 + Γ31. The rate equation for level 2 is given by

dN2

dt
= W12N1 −W21N2 − Γ21N2 + Γ32N3

= W12N1 − βN2 + Γ32N3 (2)

where β = W21 + Γ21. If the total population is N, then

N = N1 +N2 +N3 (3)

If the system is in steady state all of the derivitives are zero

dN1

dt
=
dN2

dt
=
dN3

dt
= 0 (4)

By substituting equation 3 into equation 1, N2 can be given in terms of N1 and the

total population N

0 = W13N1 − α(N −N1 −N2)

N2 = −N1

(
1 +

W13

α

)
+N (5)

Substituting this result into equation 2 gives the solution for the population of level

N1 in steady state

N1 =
αβ

β (W13 + α) + αW12 + Γ32W13

N (6)

Substitution of equation 6 into equation 5 gives the solution for the population of

level N2 in steady state

N2 =
αW12 + Γ32W13

β (W13 + α) + Γ32W13

N (7)
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The populaion inversion per unit volume between levels 1 and 2 is then

∆N

V
= N2 −N1

=
αW12 + Γ32W13 − αβ

β (W13 + α) + αW12 + Γ32W13

N

=
W13 (εΓ3 − Γ21)− Γ21Γ3

W13 + Γ3 (2W21 + Γ21) +W13 (W21 + εΓ3 + Γ21)
N (8)

where Γ3 = Γ31 + Γ32 and ε = Γ32/ (Γ32 + Γ31) which is the fraction of atoms that

decay from the pumping absorption band into the metastable fluorescence band at

level 2.

Population Inversion

In order for an EDFA to provide gain to incoming signals, population inversion

between the ground state and level 2 must occur. In the case of Er3+, the probability

of spontaneous transitions out of level 3 is several orders of magnitude larger than

the probability of transitions out of the metastable level 2 [16]. For this reason it is

assumed that Γ3 >> Γ21. Also, for the three level model of Er3+, the probability of

a nonradiative decay from level 3 to level 2 exceeds that of any other level 3 process.

For this reason, the population of level 3 is smaller than the other levels at any given

time and the probability of creating a stimulated transition from level 3 to level 1

is much smaller than the probability of non-radiative decay from level 3 to level 2

so that Γ32 >> W31. This approximation allows the population inversion given in

equation 8 to be simplified as

∆N

V
= N2 −N1 =

εW13 − Γ21

Γ21 + εW13 + 2W21

N (9)

From the previously mentioned assumption that the probability of nonradiative decay

from level 3 to level 2 far exceeds any other process of level 3, it can then be assumed
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that Γ31 ≈ 0 so that ε ≈ 1. Also, with W13 = ϕpσp and W21 = ϕsσs the population

inversion can be written as

N2 −N1 =
ϕpσp − Γ21

Γ21 + 2ϕsσs + ϕpσp
N (10)

Assuming no background loss, population inversion occurs when N2 ≥ N1. At the

threshold of population inversion, N2 = N1 and the required photon flux from the

pumping source is given as

ϕp =
Γ21

σp
=

1

τ21σp
(11)

Below threshold, N1 is greater than N2 and the population inversion is negative.

The population inversion is positive above threshold. If the population inversion is

negative, a signal passing through the media will be attenuated and if population

inversion is positive, the signal will experience gain. The pump intensity in units of

energy per unit area per unit time can be calculated by multiplying the pump flux

ϕp by the energy of a photon at the pump frequency hνp, where h is Plank’s constant

and νp is the frequency of a pump photon, so that Ip = hνpϕp. At the threshold of

population inversion, the pump intensity is given by

Ith =
hνpΓ21

σp
=

hνp
σpτ21

(12)

Equation 12 shows that for a given pump signal frequency, the threshold intensity

can be lowered by either utilizing a transition with a large cross section σp or by using

a material with a long level 2 lifetime τ21. Increasing the absorption cross section σp

means that less pump photons are needed to excite the material because there is a

greater probability that an incoming pump photon will be absorbed. A long excited

state lifetime τ21 also reduces the number of required photons to reach threshold

because more population will stay at level two for a given time. One of the reasons

Er3+ doped glass is a good amplifier material is because the lifetime of level 2, τ21, is
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very long compared to many other possible materials. For Er3+ doped silica fiber, τ21

is on the order of 10 ms [17] which leads to long response time ti transients and the

ringing effect seen in multiple amplifier cascades. The high value for τ21 also results

in low pump threshold power to achieve amplification. The low threshold power is

easily achieved with low cost laser diodes.

Signal Gain

To describe the gain of a signal field Is and a pump field Ip we start with the

photon fluxes which are given as

ϕs =
Is
hνs

(13)

ϕp =
Ip
hνp

(14)

For the purpose of this analysis, the calculation of signal gain along the length of the

fiber will be treated as a one dimensional problem which excludes the distribution

of Er3+ ions in the transverse direction in the fiber core. Also, it is assumed that

the pump and signal fields are copropagating beams travelling in the same direction.

Equations for the derivitive of the intensity with respect to the fiber length component

dz for the source and pump signals can be written as [17]

dIs
dz

=

σpIp
hνp
− Γ21

Γ21 + 2σsIs
hνs

+ σpIp
hνp

σsIsN (15)

for the signal intensity and

dIp
dz

= −
σsIs
hνs

+ Γ21

Γ21 + 2σsIs
hνs

+ σpIp
hνp

σpIpN (16)

for the pump intensity. Setting the derivitive of the signal intensity in equation 15 to

zero and solving for Ip gives

Ip =
hνp
σpτ21

= Ith (17)
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which confirms the previous statement that population inversion is needed for signal

gain. To simplify equations 15 and 16, the pump and signal intensities can be

normalized by the threshold intensity Ith to give

I ′p =
Ip
Ith

(18)

I ′s =
Is
Ith

(19)

Also, a new quantity η can be defined as

η =
hνpσs
hνsσp

(20)

The saturation intensity is then

Isat(z) =
1 + I ′p(z)

2η
(21)

With these new quantities the normalized signal intensity as a function of z is

dI ′s(z)

dz
=

1

1 + I ′s(z)/Isat(z)

(
I ′p(z)− 1

I ′p(z) + 1

)
σsI

′
s(z)N (22)

and the normalized pump intensity is

dI ′p(z)

dz
= − 1 + ηI ′s(z)

1 + 2ηI ′s(z) + I ′p(z)
σpI

′
p(z)N (23)

As the signal intensity grows, it eventually enters the saturation region of the

amplifier. The signal growth is damped by the 1/(1 + I ′s/Isat) term in equation 22.

In the event of saturation, I′s is large compared to Isat and the ratio between the two

becomes large compared to unity so that equation 22 can be approximated by

dI ′s
dz

= Isat

(
I ′p(z)− 1

I ′p(z) + 1

)
σsN (24)

In practice and in the experiments described in chapter 4, EDFAs are operated in

the saturation region. This is done to prevent small, slow changes in the power of a

given input signal from changing the ouput power of that signal.
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Approximation of the Three Level System by a Two Level System

Until now in the analysis, each level in the Er3+ energy level diagram has been

treated as a single, distinct level. In reality, each energy level is a multiplet composed

of several Stark broadend individual levels. If an EDFA is pumped by a 980 nm

source then the pumping level lies in a different multiplet than the signal multiplet

at level 2. However, it can be assumed that the population in level 3 at any given

time is essentially zero due to the fact the lifetime of level 3 is several orders of

magnitude shorter than the lifetime of level 2. Level 3 in this case is only involved

in the rate equations by means of its absorption cross section. If a 1480 nm pumping

source is used then the pump level belongs to the same multiplet as the signal level.

Since the pumping level is in the same multiplet as the signal level, there will be

some population in level 3 due to thermal equilibrium. In this case, the system can

be reduced to a two level system using the specific absorption and emission cross

sections for each level. For a pump signal whose energy level is seperate from the

signal level (980 nm pump for example), the emission cross section from this level is

assumed to be zero and this accounts for the fact that the population in that level is

effectively zero.

Two Level Rate Equations

The rate equations for the simplfied two level system are given as

dN2

dt
= −Γ21N2 + (N1σ

(a)
s −N2σ

(e)
s )ϕs − (N2σ

(e)
p −N1σ

(a)
p )ϕp (25)

dN1

dt
= Γ21N2 + (N2σ

(e)
s −N1σ

(a)
s )ϕs − (N1σ

(a)
p −N2σ

(e)
p )ϕp (26)
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where σ(a)
s , σ(e)

s , σ(a)
p , and σ(e)

p represent the signal and pump absorption and emission

cross sections [18]. The total population is now described as

N = N1 +N2 (27)

and from equations 25 and 26

dN1

dt
= −dN2

dt
(28)

Now after calculating the population of N2 in terms of the signal and pump intensities,

N1 is simply given by N − N2. The intensities of the pump and signal fields will

experience gain or attenuation along the direction of propagation in the fiber z. This

is due to the effects of absorption by ions in the ground state at level 1 and emission

by ions in the excited state at level 2. The propagation equations of the signal and

pump intensities are therefore described by

dIp(z)

dz
=

(
N2σ

(e)
p −N1σ

(a)
p

)
Ip(z) (29)

dIs(z)

dz
=

(
N2σ

(e)
s −N1σ

(a)
s

)
Is(z) (30)

Time Dependent Analytical Solutions to the Two Level System

To characterize the behavior of an EDFA in the presence of channel addition or

dropping, a simple model for the dynamic gain has been studied by [19]. The model

presented by [19] shows that the EDFA can be adequately described by a single

ordinary differential equation which is a simplification of previous models that use

sets of coupled partial differential equations [20, 21]. To make the simplification it is

assumed that there is no excited state absorption, the gain spectrum is homogeneously

broadened, and the amplified spontaneous emission (ASE) power in the fiber is

neglected. These assumptions are valid for signal gains less than 20 dB or when
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high input powers are used such as channels in a WDM system [22]. The model

starts with photon equations provided by [22, 23].

∂Nk(z, t)

∂z
= −N2(z, t)

τ
− 1

ρS

N∑
j=1

uj
∂Pj(z, t)

∂z
(31)

where the WDM system consists of multiple wavelengths (channels) designated by

the index k. The power of the kth channel is

∂Pk(z, t)

∂z
= ρukΓk

[(
σ

(e)
k + σ

(a)
k

)
N2(z, t)− σ(a)

k

]
Pk(z, t) (32)

In equations 31 and 32, ρ is the number density of active erbium atoms in the fiber

core. The fiber has a cross section given by S and the excited state lifetime is τ .

There are a total of N optical channels whose individual powers are Pk(z, t). Γk is the

confinement factor which indicates how much the transverse optical mode overlaps

the uniform erbium distribution on the core of the fiber. σ
(e)
k and σ

(a)
k are the emission

(e) and absorption (a) cross sections for the kth channel. The variable uk is a unit

vector whose sign is positive for beams traveling from z = 0 to z = L and negative for

beams traveling in the opposite direction. The power in the kth channel Pk, has units

of photons per unit time. Equation 32 can be solved for the upper state population

N2 and the result can be substituted into equation 31 to get

τuk
∂

∂t

(
1

Pk

∂Pk(z, t)

∂z

)
= −uk

(
1

Pk

∂Pk(z, t)

∂z

)
− 1

P IS
k

N∑
j=1

uj
∂Pj(z, t)

∂z
− αk (33)

where αk = ρΓkσ
(a)
k is the absorption constant and P IS

k = S/Γk(σ
(e)
k + σ

(a)
k )τ is the

intrinsic saturation power for the kth channel. Integration from 0 to L with respect

to z yields

τ
d

dt

[
ln
P out
k (t)

P in
k (t)

]
= − ln

P out
k (t)

P in
k (t)

− 1

P IS
k

N∑
j=1

[
P out
j (t)− P in

j (t)
]
− αkL (34)

In equation 34, P in
k (t) and P out

k (t) represent the input and output powers of the

kth channel at time t. If we define Gk(t) = ln[P out
k (t)/P in

k (t)] and Ak = αkL then
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equation 34 can be written as

P IS
k

[
τ
dGk(t)

dt
+Gk(t) + Ak

]
= −

N∑
j=1

P in
j (t) [exp(Gj(t))− 1] (35)

Equation 35 can be solved numerically if initial conditions P in
k (t) and Gk = G0

k for

all channels are known. The set of coupled ordinary differntial equations in 35 can

be further reduced to a single equation. This is done by realizing that the right hand

side of equation 35 is the same for all channels so that any two equations can be

combined to obtain

τ
dGkj(t)

dt
+Gkj(t) + Akj = 0 (36)

where Gkj = P IS
k Gk(t) − P IS

i Gi(t) and Akj = P IS
k Ak − P IS

i Ai. This first order

differential equation can be solved to give

Gkj(t) =
(
G0
kj + Akj

)
exp(
−t
τ

)− Akj (37)

where G0
kj = P IS

k G0
k − P IS

j G0
j is the given by the initial conditions. Now, the gain of

the jth channel can be expressed in terms of the gain of the kth channel

P IS
j Gj(t) = P IS

k Gk(t)−
(
G0
kj + Akj

)
exp

(
− t
τ

)
+ Akj (38)

Now the single decoupled ordinary differential equation is found by substituting

equation 38 into equation 35

τ
d

dt
P IS
k Gk(t) + P IS

k Gk(t) + P IS
k Ak =

−
N∑
j=1

P in
j (t)

{[(
P IS
k Gk(t)− (G0

kj + Akj) exp(−t/τ) + Akj
)
/P IS

j

]
− 1

}
(39)

The gain of the kth channel can be found using equation 39 and then substituted into

equation 38 to find the gain in all of the other channels. In steady state at t = 0,

G0
kj + Akj = 0 in equations 38 and 39.
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Numerical Simulations

The literature shows that the analytical solutions to the rate equations have been

numerically simulated for a variety a system parameters. In [19], output power

excursion is calulated for a WDM link with eight optical channels and a two stage

EDFA. Figure 8 compares the simulated results to experimental results when 1, 4

and 7 channels are dropped. In this case, each input channel has an input power of

Figure 8: Comparison between theory an experiment for output power excursions of
surviving channels from a two stage amplifier when 1, 4 and 7 channels are dropped
[19]

-2 dBm and the gain of eah EDFA is 9 dB. The pump powers for the two stages are

18 dBm and 18.4 dBm for EDFAs 1 and 2 respectively. Reference [19] shows that

transients can be large for systems with only two EDFAs.

A more detailed analysis is given by [7], where a cascade of 12 EDFAs with 8

WDM channels are simulated. In this case, the input channel power is -3 dBm and

the pump powers are 19 dBm. The loss between each amplifier and the gain at each

amplifier is equal to 10 dB. Figure 9 shows the signal power excursions as a function

of time when 4 of the 8 channels are dropped. In figure 9, it is apparent that as the
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Figure 9: Total signal power excursions as a function of time from numerical
simulation [7]

.

number of EDFAs in the chain increases, so does the peak power deviation and the

frequency of oscillation.

In the previous two examples, the EDFAs did not have any internal gain control.

There are several ways of controlling EDFA gain as discussed in the introduction and

one of the most common methods is to use optical feedback in a ring configuration

where a portion of the output optical power is fed back through to the input of the

EDFA to clamp the gain. Several of the EDFAs used in the experiment described

in chapter 4 employ this type of internal gain control so it is useful to examine the

simulation presented in [24]. For this model, 16 channels with input powers of 10 µ W

were used as steady state inputs. The pump source had a wavelength of 1480 nm and

200 mW of power. The time dependence of the output signals are shown in figure 10.

Figure 10 shows that even systems with EDFAs that employ internal gain control can

still produce large optical power excursions.

All the the models presented thus far simulate EDFA response to an abrupt change

in input optical power. To simulate the effects of the power shaping technique, a
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Figure 10: Time dependence of output signals (left axis) during a 1 x 10−4 W transient
step of input signal at 1530 nm (output: right axis) [24].

model for a chain of 10 optically gain-clamped EDFAs where shaped heads and tails

are added to signal bursts in order to gradually change the input optical power is

discussed in [15]. A comparison of simulation results for optical power transients

on a surviving channel with and without power shaping is shown in figure 11. The

results from this analysis show good agreement with experimental results presented

in chapter 4.
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Figure 11: Comparison of power transients on channel 2 with and without power
shaping [15].
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OPTICAL TRANSIENT AMPLITUDE MEASUREMENTS

Introduction

This chapter presents the experimental setup and measurement techniques used

for characterizing EDFA transients caused by data bursts in an optical network.

Shaped heads and tails were affixed to data bursts in order to gradually change the

optical power in the event of a rapid change in the optical power of the network. The

focus of these experiments was to measure the effects of the gradual power change on

the amplitude of optical power transients. In order to measure these effects, a long

haul optical network was emulated in the laboratory using a chain of several EDFAs

seperated by attenuators to emulate fiber loss. A programmable bit error rate test set

(BERT) was used to modulate one laser transmitter with the desired data bursts while

another continuous wave laser was used as a probe. Optical transient amlitude on the

probe channel was measured for heads and tails of varying lengths on the modulated

channel and an evaluation of the relationship between transient amplitude and the

length of the shaped heads and tails, or shaping period, is presented.

Experimental Setup

The experimental setup used to suppress EDFA transients is shown in figure 12.

A continuous wave probe laser at a wavelength of 1560.67 nm was coupled via a 3 dB

coupler with the switching laser whose wavelength was set at 1554.14 nm. Both laser

transmitters are shown in appendix B. The average output power of the switching

laser was measured to be roughly 5 mW and could not be internally adjusted. The

output power of the probe laser could be adjusted via internal gain control and was
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Figure 12: Experimental setup for testing the power shaping technique [25]

set to 5 mW to match the power level of the switching laser. Since it is common

for each channel in a multi-wavelength network to operate with an optical power of

about 1 mW, this experimental configuration is an emulation of an optical network

with ten, 1 mW channels where 5 of the channels (the switching laser) would be added

or dropped [25].

From the coupler, the laser signals are sent through a series of six EDFAs with

attenuators between them to emulate a fiber span. Two types of optical attenuators

were used to simulate fiber losses. The first type were voltage-controlled attenuators

(VCAs) and were controlled via a USB connection to a computer running LabView

software. The LabView control program for these attenuators allows the user to

adjust and monitor the attenuator voltage and the corresponding optical attenuation
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and is shown in appendix A. The second type of attenuators used for the experiment

were blocking-type attenuators that could be manually adjusted. There was no reason

for using the two different types of attenuators other than the fact that they were

available for use and both are equally suited for this application.

Several different types of EDFAs were used in the experiment which was a result of

availability and the fact that real optical networks might also employ several different

types of amplifiers. Some of the amplifiers used in the experiment have internal gain

control while others do not. Also, the different brands of amplifiers have slightly

different gain specifications. The types of amplifiers used in the experiment are listed

below and their individual specifications can be found in appendix B.

• 2 Bookham MGMFL-1AEC28

• 1 Bookham MGMFL-AWC28

• 2 JDS Uniphase OA 500

• 1 Jiasys ATE 101

Between each amplifier, the attenuators were used to adjust losses to match the

gains such that each EDFA operated in saturation, which is the typical mode of

operation for multi-wavelength optical networks. At the output of the amplifier chain,

the probe laser light was filtered from the switching laser light using a waveguide

demultiplexer with 50 GHz channel spacing, a flat top pass band profile, and adjacent

crosstalk of -23 dB (appendix B). The probe laser light was then sent to a 1 GHz

bandwidth detector whose output was connected to an oscilloscope. To record and

measure the optical transients, a GPIB connection was used from the oscilloscope to a

desktop computer running LabView software. The LabView program used to acquire

the data from the oscilloscope simply captures the voltage waveform points that are
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displayed on the oscilloscope screen at the time of the capture and saves them as a

data file on the computer as shown in appendix A.

The switching laser was turned “on” and “off” by a bit error rate test set (BERT).

“On” in this case refers to a period of time when the source laser transmits a random

bit pattern at 1.25 Gb/sec and during “off” periods no light is transmitted. This

type of scenario corresponds to burst or packet switched traffic where periods of data

transmission may be preceded or followed by optical silence in that particular channel.

The resulting pattern had a period of 24 ms with a 50% duty cycle so that random

data bits would be transmitted for 12 ms and then the laser would be turned off

for 12 ms. To measure transients without power shaping, the switching laser was

modulated by bursts of data that were turned on and off abruptly where the rise and

fall times of the modulator were several orders of magnitude shorter than the period

of an EDFA transient oscillation.

To measure the effects of power shaping, heads and tails were placed on the

beginning and at the end of the data bursts so that the average power of the modulated

channels would be changed gradually. The slow change in average power is achieved by

gradually increasing the probability of a “1” to 0.5 for heads and gradually decreasing

the probability of a “1” from 0.5 to 0 for tails as illustrated by figure 13.

Figure 13 shows a data burst with a head at the beginning and a tail at the

end. The thick line shows the probability distribution of 1’s in the shaping profile.

The computer algorithm used to create the shaping profiles was written by [26] and is

shown in appendix B. The algorithm deterministically creates the pattern distribution

by comparing the value of the integral of the shaping function at each point in the

integral to the percentage of 1’s in the pattern up to that point. If the value of the

integral at a given point is .34 and the percentage of 1’s in the pattern preceeding

that point is .33 then a 1 is inserted. If the percentage of preceeding 1’s exceeds the
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Figure 13: An illustration of how power shaping changes the average power at the
beginning and end of a traffic burst. The thick line represents the average power of
the data shown.

value of the integral then a 0 is inserted. For viewing purposes, the pattern shown in

figure 13 is only 256 bits long which is much shorter than the actual shaping patterns

used in the experiment and therefore does not appear to be a very good approximation

of the probability distribution of the linear profile. The heads and tails of the actual

patterns are a much better approximation to the probability distributions of the

shaping profiles because there are many more bits within the profile yeilding a higher

resolution in terms of average power distribution.

Transient Amplitude Results

The first set of experiments consisted of characterizing the transients produced

by the EDFAs when no power shaping was applied. Figure 14 shows the induced
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Figure 14: Measured transients for a chain of 5 EDFAs when no power shaping is
applied [25]

transients on the probe channel when the switching laser transmitts data bursts

with a period about 24 ms. Figure 14 shows two transients, the larger transient

is where the switching laser was suddenly turned off (channel drop) while the smaller

of the two transients is where the switching laser was turned on (channel add). The

peak amplitude deviations of the drop and add transients are 0.85 dB and -0.45 dB

respectively and the duration of the transients is on the order of 3 ms.

The amplitudes of the transients in figure 14 are plotted as the change in detector

voltage relative to the steady state voltage, in dB, when both lasers are emitting

light continuously. The detector is biased at 12.0 V so AC coupling was used on the

input to the oscilloscope in order to measure the amplitude of the transients with

high resolution in the voltage domain. To plot the transients in terms of delta dB,

the deviation of the waveform must be compared to the steady state or DC level.

This level was calculated using equation 40 after measuring the steady state optical

power with an optical power meter.
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Vo = Po<(λ)Rload (40)

In equation 40, Vo and Po are the steady state voltage and optical power

respectively, <(λ) is the detector responsivity, and Rload is the value of the load

resistor.

After measuring transients with no power shaping, heads and tails of various

lengths were placed at the beginning and end of each traffic block. The shaping

period, or time duration, of the heads and tails ranged from 500 µs to 4000 µs in

increments of 500 µs. For each shaping period, four different shaping profiles were

tested: linear, Gaussian, exponential and cosine squared. The four shaping profiles

are defined by equations 41, 42, 43, 44, where t is time, A is the amplitude and τ is

the full width at half-maximum.

Plinear = t (41)

PGaussian = Aexp[−4 ln(2)(
−t
τ

)2] (42)

Pexponential = Aexp(t) (43)

Pcosinesquared = A cos2(t) (44)

The shaping profile defines the probability distribution of 1’s during the shaping

period. An illustration of the probability distribution for the profiles of the heads

and tails are shown in figure 15. During the experiment, the lengths of the head and

tail were equal in all cases.

Linear Shaping Profile

Figure 16 shows a comparison of shaping period versus channel add/drop transient

mean, peak amplitudes and error bars for the linear shaping profile. To compute
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Figure 15: An illustration of of the probability distribution for each profile. The
illustration shows only the head and tail of the pattern and not the data portion that
would lie between the two shaping periods.
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the mean and maximum values the add and drop transients needed to be seperated

and analyzed individually. The duration of each transient oscillation was found by

finding the point where the oscillation was roughly equal to the noise. After taking

the absolute value of each transient, the mean was found by taking the mean of all

the values within the duration of the transient. Similarly the maximum was found

by taking the maximum of all of the values within the duration of the transient

oscillation. The MATLAB program used to analyze the transient data for all of the

shaping profiles is shown in appendix A. A series of ten consecutive measurements

Figure 16: Transient maximum and mean amplitudes for the linear shaping profile.

were made for each data point in the plots shown in figure 16 in order to compute the

error bars. The error bars shown here are the maximum errors in the measurements.
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The error in the mean and maximum measurements of the add transients are generally

larger than those shown for the drop transients. This is due to the fact that for

our experimental setup, the add transients were smaller in amplitude than the drop

transients so the signal to noise ratio was significantly lower. From figure 16, it is

apparent that transient amplitude is reduced for both add and drop transients as

the shaping period increases. The most pronounced effect is seen in the case of the

maximum amplitude for a channel drop. In this case the transient amplitude drops

from an amplitude deviation of about 0.62 dB down to 0.25 dB to give a reduction

of about 0.37 dB. The mean amplitudes for add and drop transients are reduced by

0.06 dB and 0.09 dB respectively and the maximum amplitude of the add transient

was reduced by 0.19 dB.

Gaussian Shaping Profile

After measuring the effects of the linear shaping profile, Gaussian shaped heads

and tails were affixed to traffic bursts. These results are shown in figure 17. Figure 17

shows that while transient amplitude was reduced in most cases for the Gaussian

profile, the effects were not as pronounced as with the linear profile. The greatest

reduction in this case is seen in the maximum amplitude for a drop transient. In

this scenario, the amplitude decreases from about 0.45 dB to roughly 0.25 dB for

a reduction of about 0.2 dB. The maximum amplitude for a channel add stayed

relatively constant in this case but the mean amplitudes for a channel add and a

channel drop were reduced by 0.02 dB and 0.03 dB respectively.

An interesting feature of the plots for the Gaussian shaping profile is the

pronounced hump at about 1500 µs which shows that the transients have greater

amplitude at these shaping lengths than at shorter shaping periods. This is due to

the fact that there are really two points during the shaping period that may cause an
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Figure 17: Transient maximum and mean amplitudes for the Gaussian shaping profile.

optical transient. The first point is located in the middle of the shaping pattern and

the second point is at the beginning of the data portion at the end of the shaping

pattern as illustrated by figure 18 and this effect is more pronounced with the Guassian

shaping profile. The resulting transient is shown in figure 19.

By observing oscilloscope traces, the start of the transient was observed to be

near the middle of the shaping pattern. For a 1500 µs pattern this means that the

transient starts 750 µs after the beginning of the pattern and there is 750 µs until

the end of the pattern and the start of the data portion. Also, the period of the

transient oscillation was found to be roughly 750 µs. So in the case of a 1500 µs

pattern, the transient created at the middle of the shaping period adds constructively
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Figure 18: This picture illustrates how two transients are formed when the Gaussian
shaping profile is used

Figure 19: The combination of the two transients formed at the middle of the shaping
profile and the beginning of the data portion.
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to the transient created at the start of the data portion thus increasing the mean and

maximum amplitudes of the transients.

Exponential Shaping Profile

Figure 20: Transient maximum and mean amplitudes for the exponential shaping
profile.

The results for transient amplitude versus shaping period for the exponential

shaping profile are displayed in figure 20. As with the Gaussian shaping profile, there

appears to be a hump in each plot that rolls off after 1500 µs. Since the exponential

pattern is much steeper than the Guassian profile, the first transient starts closer to

the end of the pattern instead of the middle. This means that constructive interference
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between the transients at the two transitions happens at shorter shaping periods. This

is why the hump starts earlier than those seen in the Gaussian profile. Figure 20 shows

that the maximum transient amplitudes for a channel add and a channel drop are

reduced by 0.1 dB and 0.11 dB. The mean amplitude of a channel add was reduced

by about 0.03 dB and 0.01 dB for the drop transient.

Cosine Squared Shaping Profile

Figure 21: Transient maximum and mean amplitudes for the cosine squared shaping
profile.

The results for the cosine squared shaping profile are plotted in figure 21. For the

cosine squared profile, the maximum transient amplitude for a channel drop is reduced
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from 0.52 dB down to 0.2 dB or 0.32 dB and the maximum of the add transient was

reduced by about 0.05 dB. The mean amplitude for a drop transient in this case was

reduced by 0.07 dB and 0.03 dB for an add transient.

Summary of shaping profiles

Each of the four shaping profiles have a unique effect on the the maximum

and mean amplitudes of the switching transients. Figure 22 shows a side by side

comparison of the four profiles. From figure 22 it is apparent that the linear and cosine

Figure 22: Comparison of the four different shaping profiles.

squared shaping profiles have the most pronounced effect on transient amplitude for

both channel drop and channel add situations. However, it is interesting to note that
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transient amplitude is initially lower for Gaussian and exponential shaping profiles

even though the effect of longer shaping periods is less pronounced than in the linear

profile case. Even though they are initially lower in amplitude, the linear and cosine

squared profiles cause a greater reduction of the transient for shaping periods longer

than about 2500 us. In terms of overall performance, it appears that a linear shaping

profile performed the best in this scenario followed by the cosine squared profile. The

exponential profile was not as effective as the cosine squared profile but performed

slightly better than the Gaussian profile.

Figure 22 shows that optical amplifier transients can be significantly reduced for

all shaping profiles with periods longer than about 3000 µs. In the case of the linear

shaping profile, significant reduction occurs at a shaping period of about 1000 µs.

The shaping periods needed to see a significant reduction in transient amplitude are

relatively long in terms of modern optical network packet durations due to the use

of high data rates. The relatively long shaping period is a result of the fact that the

characteristic response time of the amplifiers is several milliseconds which is directly

related to the excited state lifetimes for Erbium, as discussed in chapter 3. Also, the

system ressponse time is a result of the number of EDFAs in the chain and whether

or not the amplifiers have internal gain control mechanisims.

These experimental results compare favorably with simulations. In [15] the power

shaping technique is modeled for chains of EDFAs and reduction in the amplitudes

and durations of the transients associated with adding and dropping channels achieved

by adding heads and tails to bursts are shown to be comparable.
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BIT ERROR RATE MEASUREMENTS

Introduction

To characterize the power shaping technique in terms of network performance, an

experiment was devised to measure the bit error rate (BER) of the probe channel as

a function of the length of the heads and tails. To measure the BER of the probe

laser, a bit error rate test set (BERT) was used to modulate the probe laser with a

psuedo-random bit sequence (PRBS) and then measure the BER at the output. The

BER was measured for all of the shaping periods of each shaping profile. The results

show that the BER is reduced for increasing shaping periods for all shaping profiles.

Experimental Setup

In order to characterize the power shaping technique in terms of network

performance, bit error rate measurements were made for the probe laser. These

measurements were an investigation of the effects of switching transients on the

integrity of the information being sent and received by the surviving channels. To

make the bit error rate measurements, each laser was modulated with a separate bit

error rate test set (BERT) as shown in figure 23.

The Agilent BERT was used to modulate the switching/data laser with the

shaping patterns described in section 4. A second BERT (Anritsu) was connected

to the internal modulator on the probe laser to meaure the BER on the probe

channel. The bit rate on the Annritsu BERT could be adjusted from 1 Mbit/sec

up to 700 Mbits/sec. For these tests, the Anritsu BERT was set to a bit rate of

600 Mbits/sec due to the fact that the internal modulator in the probe laser did not
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Figure 23: The experimental setup for measuring the bit error rate.

perform as well at other possible bit rates. Also, the pattern setting on the Annritsu

BERT was set to a 223 − 1 psuedo-random bit sequence.

With sufficient power to the Agilent receiver, the probe channel was error free while

the switching laser was being added or dropped. To create a measureable number of

bit errors on the probe channel, the average power of the probe channel was reduced

to the threshold of the receiver. At the threshold power of the receiver, the BER

on the probe channel was roughly 3× 10−6 or there were roughly 1800 bit errors per

second. The burst period on the switching laser was 24 ms which gives approximately

42 bursts/sec. Also, the signal to noise ratio at the input to the receiver was measured

to be 22 dB.
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Bit Error Rate Results

To make the following measurements of the probe channel BER, the Anritsu BERT

was set so that error counts were accumulated for thirty seconds. The final number of

errors was then divided by thirty to get the average number of bit errors per second.

The bit error rate for each profile is shown in figure 24.

Figure 24: Summary of results for the BER experiments.

Figure 24 shows that the average BER is reduced for increased shaping periods.

Each profile shows a fairly gradual reduction in the BER of 25% from about 1.8×10−6

to about 1.4 × 10−6 with the exception of the cosine squared shaping profile. The

cosine squared profile has a higher overall BER than the other three shaping profiles

and does not exhibit the same gradual reduction in the BER for longer shaping

periods. This behavior can be explained by considering the method in which the

BER measurements are made. In order to create a measurable number of bit errors,

the average power of the probe signal was reduced to the threshold of the detector. If
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the DC optical power of the probe signal could be placed exactly at the threshold of

the detector as shown in figure 25, then when transients were present, errors would

occur when the probe power fell below the threshold and there would be no errors

due to the transients when the probe signal power was above the detector threshold.

Figure 25: Illustration of the ideal scenario for the bit error rate measurements where
the DC power level of the probe signal lies exactly at the threshold of the detector.

In this ideal scenario, bit errors would only be created by the low points in the

transient oscillations. However, in practice, it is very difficult to adjust the power

of the probe signal so that it lies exactly at the threshold of the detector. This is

difficult because the threshold of the detetctor is not exactly known and because other

factors such as temperature and the type of shaping profile may shift the DC optical

power level of the probe signal. In the case of the cosine squared shaping profile, the

DC optical power level of the probe signal was lower than the other shaping profiles

and may have shifted below the threshold of the detector so that most or all of the

transients waveforms were below the detector threshold as illustrated by figure 26.

In this case, smaller transients would actually increase the BER because the lower

amplitude causes the high points in the transient oscillations to fall even farther below
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the detector threshold. If the DC power level of the probe signal could be adjusted

more accurately, the BER rate measurements would be more conclusive.

Figure 26: This figure shows how the transient oscillations may fall below the detector
threshold.
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CONCLUSION

EDFA transient effects can cause significant signal degradation in networks that

dynamically add or drop channels, or where burst-type traffic is present. The

amplitude of the transients is increased for increasing numbers of amplifiers in a

chain. This thesis describes the theory of EDFA transients and the experimental

investigation of a method of mitigating EDFA transients called power shaping where

heads and tails are added to traffic blocks in order to gradually increase or decrease the

average power on the channel. Laboratory experiments have shown the effectiveness

of power shaping in terms of reduced transient amplitude and decresed bit error rates.

To measure transient amplitude for different shaping periods, four different

shaping profiles were used: linear, exponential, cosine squared and Gaussian.

Transient amplitude was measured for shaping periods from 500 µs to 4000 µs. All

four of the shaping profiles caused a reduction in the amplitude of the switching

transients but the linear profile caused the greatest overall reduction. The results

presented in chapter 4 show good agreement with simulations described in [15].

The optimal choice for the head/tail duration depends on the characteristics of

the system of interest. For the system described here, the optimal shaping pattern

would be a linear profile with a 3000 µs shaping period. However, in some cases two

transients are present and a cancelling effect could be achieved with proper shaping

lengths depending on the response time of the entire system. System response time

is dependent on the number of amplifiers in the chain and whether or not the EDFAs

have internal gain control.

To characterize the power shaping technique in terms of network performance, bit

error rate measurements were made. To measure the BER, the DC optical power was
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reduced to the threshold of the detector so that power excursions would cause data

loss. As the amplitude of the transients was decreased with longer shaping periods

the BER was reduced. The linear, Gaussian and exponential profiles reduced the

BER by similar amounts but the cosine squared profile had a higher overall BER. In

this case it is believed that the DC optical power level was initially lower than the

other profiles so that more bit errrors occurred. However, the BER was still reduced

for the cosine squared profile for shaping periods greater than 3000 µs.

In contrast to other methods, power shaping does not require the addition of

expensive and specialized electro-optic components or high power lasers. Power

shaping could be implemented by adapting the existing link layer protocol. The

power shaping concept could be applied to many other types of in-line amplifier

technologies, although adjustment to shaping periods may be needed. Also, power

shaping requires long shaping periods as compared to the bit duration in a modern

communications network. For efficiency reasons the network designer may only want

to attach shaping headers/trailers to long data bursts.
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APPENDIX A

COMPUTER PROGRAMS
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Transient Analysis Program

clear a l l

close a l l

% Trent Jackson

% June 13 , 2008

% Descr ip t ion : Program take s user input path f o r l o c a t i on o f data

% and p l o t s t r an s i en t data . User s p e c i f i e s where to p a r t i t i o n the data by

% c l i c k i n g on graph . Each p a r t i t i o n i s detrended and normalized by

% de t e c t o r response to p l o t in dB

% Se l e c t the opera t ion

k = menu( ’Transient analysis program ’ , ’Compute mean and max for one measurement ’ ,

’Compute mean and max with error bars for 10 measurements ’ ) ;

d i g i t s ( 6 ) ;

switch k

case 1

% load data and sepera t e ampl i tude and time data

path = input ( ’Please enter data path: ’ ) ;

sspower = input ( ’What is the steady state optical power in watts?: ’ ) ;

r e s p on s i v i t y = .95

impedance = 50

s s v o l t a g e = sspower∗ r e s p on s i v i t y ∗ impedance ;

disp ( ’Steady state voltage =’ ) ;

s s v o l t a g e

A = load (path ) ;

amplitude = A( : , 1 ) ;

t = A( : , 2 ) ;

% p l o t the o r i g i n a l data

figure (1 )

plot ( t , amplitude ) , t i t l e ( ’Plot of Voltage vs Time’ )

xlabel ( ’time (s)’ ) , ylabel ( ’Voltage (V)’ )

% Get the s t a r t and s top l o c a t i on o f each p a r t i t i o n

disp ( ’Select begining and end location of first partition ’ )

[ x1 , y1 ] = ginput ( 2 ) ;
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disp ( ’Select begining and end location of second partition ’ )

[ x2 , y2 ] = ginput ( 2 ) ;

% Check to see i f po in t s are v a l i d

i f x1 (1 ) > x1 (2 ) | | x2 (1 ) > x2 (2 )

error ( ’Points specified are not valid ’ )

end

close ( figure ( 1 ) ) ;

% lo ca t e i nd i c e s near to where the user c l i c k e d

i 1 = find ( t > x1 ( 1 ) , 1 ) ;

i 2 = find ( t > x1 ( 2 ) , 1 ) ;

i 3 = find ( t > x2 ( 1 ) , 1 ) ;

i 4 = find ( t > x2 ( 2 ) , 1 ) ;

% pa r t i t i o n at g iven ind i c e s

amppart1 = amplitude ( i 1 : i 2 ) ;

amppart2 = amplitude ( i 3 : i 4 ) ;

tpar t1 = t ( i 1 : i 2 ) ;

tpar t2 = t ( i 3 : i 4 ) ;

%Take the a b so l u t e va lue o f the waveform and f ind the mean dev i a t i on

dt1 = detrend ( amppart1 ) ;

dt2 = detrend ( amppart2 ) ;

VdB1 = vpa (20∗ log ( dt1 + s svo l t a g e ) ) ;

VdB1 mean = vpa (mean(VdB1 ) ) ;

o f f set VdB1 = vpa (VdB1 − VdB1 mean ) ;

mean dB1 = vpa (mean(abs ( o f f set VdB1 ) ) )

VdB2 = vpa (20∗ log ( dt2 + s svo l t a g e ) ) ;

VdB2 mean = vpa (mean(VdB2 ) ) ;

o f f set VdB2 = vpa (VdB2 − VdB2 mean ) ;

mean dB2 = vpa (mean(abs ( o f f set VdB2 ) ) )

%Find the maximum

max dB1 = vpa (max(abs ( o f f set VdB1 ) ) )

max dB2 = vpa (max(abs ( o f f set VdB2 ) ) )
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%Plot the t r an s i e n t s in d e l t a dB

plot ( tpart1 , o f f set VdB1 )

xlabel ( ’Time [s]’ )

ylabel ( ’Transient Amplitude [delta dB]’ )

t i t l e ( ’Transient Amplitude vs. Time’ )

figure (2 )

plot ( tpart2 , o f f set VdB2 )

xlabel ( ’Time [s]’ )

ylabel ( ’Transient Amplitude [delta dB]’ )

t i t l e ( ’Transient Amplitude vs. Time’ )

case 2

sspower = input ( ’What is the steady state optical power in watts?: ’ ) ;

r e s p on s i v i t y = .95

impedance = 50

s s v o l t a g e = vpa ( sspower ∗ r e s p on s i v i t y ∗ impedance ) ;

s s v o l t a g e

data mean1 = ones ( 1 , 7 ) ;

data mean2 = ones ( 1 , 7 ) ;

data mean error1 = ones ( 1 , 7 ) ;

data mean error2 = ones ( 1 , 7 ) ;

data max1 = ones ( 1 , 7 ) ;

data max2 = ones ( 1 , 7 ) ;

data max error1 = ones ( 1 , 7 ) ;

data max error2 = ones ( 1 , 7 ) ;

for k = 1 :7

mean dB1 1 = ones ( 1 , 1 0 ) ;

mean db2 1 = ones ( 1 , 1 0 ) ;

max dB1 1 = ones ( 1 , 1 0 ) ;

max dB2 1 = ones ( 1 , 1 0 ) ;

for i = 1 :10

t ry

path = input ( ’Please enter data path: ’ ) ;
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A = load (path ) ;

catch ME1

ME1

d i sp l ay ( ’Please make sure there are single quotes

                    around the file path input and that the file name is correct ’ )

t ry

path = input ( ’Please enter data path: ’ ) ;

A = load (path ) ;

catch ME2

rethrow (ME2)

end

end

amplitude = A( : , 1 ) ;

t = A( : , 2 ) ;

% p l o t the o r i g i n a l data

figure (1 )

plot ( t , amplitude ) , t i t l e ( ’Plot of Voltage vs Time’ )

xlabel ( ’time (s)’ ) , ylabel ( ’Voltage (V)’ )

% Get the s t a r t and s top l o c a t i on o f each p a r t i t i o n

disp ( ’Select begining and end location of first partition ’ )

[ x1 , y1 ] = ginput ( 2 ) ;

disp ( ’Select begining and end location of second partition ’ )

[ x2 , y2 ] = ginput ( 2 ) ;

% Check to see i f po in t s are v a l i d

i f x1 (1 ) > x1 (2 ) | | x2 (1 ) > x2 (2 )

error ( ’Points specified are not valid ’ )

end

close ( figure ( 1 ) ) ;

% lo ca t e i nd i c e s near to where the user c l i c k e d

i 1 = find ( t > x1 ( 1 ) , 1 ) ;

i 2 = find ( t > x1 ( 2 ) , 1 ) ;

i 3 = find ( t > x2 ( 1 ) , 1 ) ;

i 4 = find ( t > x2 ( 2 ) , 1 ) ;
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% pa r t i t i o n at g iven ind i c e s

amppart1 = amplitude ( i 1 : i 2 ) ;

amppart2 = amplitude ( i 3 : i 4 ) ;

tpar t1 = t ( i 1 : i 2 ) ;

tpar t2 = t ( i 3 : i 4 ) ;

%Take the a b so l u t e va lue o f the waveform and f ind the mean dev i a t i on

dt1 = detrend ( amppart1 ) ;

dt2 = detrend ( amppart2 ) ;

VdB1 = vpa (20∗ log ( dt1 + s svo l t a g e ) ) ;

VdB1 mean = vpa (mean(VdB1 ) ) ;

o f f set VdB1 = vpa (VdB1 − VdB1 mean ) ;

mean dB1 = vpa (mean(abs ( o f f set VdB1 ) ) )

VdB2 = vpa (20∗ log ( dt2 + s svo l t a g e ) ) ;

VdB2 mean = vpa (mean(VdB2 ) ) ;

o f f set VdB2 = vpa (VdB2 − VdB2 mean ) ;

mean dB2 = vpa (mean(abs ( o f f set VdB2 ) ) )

%Find the maximum

max dB1 = vpa (max(abs ( o f f set VdB1 ) ) )

max dB2 = vpa (max(abs ( o f f set VdB2 ) ) )

mean dB1 1 ( i ) = mean dB1 ;

mean dB2 1 ( i ) = mean dB2 ;

max dB1 1 ( i ) = max dB1 ;

max dB2 1 ( i ) = max dB2 ;

i = i + 1

end

data mean1 (k ) = vpa (mean( mean dB1 1 ) ) ;

data mean2 (k ) = vpa (mean( mean dB2 1 ) ) ;

data mean error1 (k ) = vpa (abs (max( mean dB1 1 ) − ( data mean1 (k ) ) ) ) ;

data mean error2 (k ) = vpa (abs (max( mean dB2 1 ) − ( data mean2 (k ) ) ) ) ;

data max1 (k ) = vpa (mean(max dB1 1 ) ) ;

data max2 (k ) = vpa (mean(max dB2 1 ) ) ;

data max error1 (k ) = vpa (abs (max(max dB1 1 ) − ( data max1 (k ) ) ) ) ;
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data max error2 (k ) = vpa (abs (max(max dB2 1 ) − ( data max2 (k ) ) ) ) ;

k = k + 1

disp ( ’Select the files for the next shaping length ’ )

end

data mean1

data mean2

data mean error1

data mean error2

data max1

data max2

data max error1

data max error2

end

Pattern Generator Program

// Timothy Hahn

// Apr i l 7 , 2007

// Pattern Generator for BERT

// Reference : Decreas ing EDFA Trans i ent s by Power Shaping

// Wenhao Lin , Richard Wolf , Brendan Mumey

#inc lude<c s t d l i b>

#inc lude<fstream>

#inc lude<iostream>

#inc lude<math . h>

#inc lude<cmath>

us ing std : : c in ;

us ing std : : cout ;

us ing std : : endl ;

us ing std : : f l u s h ;

us ing std : : hex ;

us ing std : : o f s t ream ;

us ing std : : s t r i n g ;
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enum function

{

UNKNOWN,

LINEAR,

GAUSSIAN,

COSINE SQUARED,

EXPONENTIAL

} ;

void getUserInput ( ) ;

void openFi l e ( ) ;

void w r i t eF i l e ( ) ;

void c l o s e F i l e ( ) ;

void generateSequence ( ) ;

double cumulDist ( double x , bool isHead ) ;

void outputByte ( unsigned char byte ) ;

o f s tream outputF i l e ;

std : : s t r i n g headStr ;

const double PI = 3.141592653589793238462643383279502884197649399375;

long i n t heade r l ength ;

long i n t data l ength ;

long i n t t r a i l e r l e n g t h ;

long i n t z e r o s l e n g t h ;

long i n t b i t r a t e ;

bool binaryOutput ;

function f unc t i on type ;

i n t main ( )

{

getUserInput ( ) ;

openFi l e ( ) ;

w r i t eF i l e ( ) ;

c l o s e F i l e ( ) ;
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return 0 ;

}

void getUserInput ( )

{

char bora ;

cout << ”IMPORTANT: Please ente r i n t e g e r numbers only ! ” << endl ;

cout << ”How long would you l i k e the header ( in microseconds )? ” ;

c in >> header l ength ;

cout << ”How long would you l i k e the data ( in microseconds )? ” ;

c in >> data l ength ;

cout << ”How long would you l i k e the t r a i l e r ( in microseconds )? ” ;

c in >> t r a i l e r l e n g t h ;

cout << ”How long would you l i k e the zeros ( in microseconds )? ” ;

c in >> z e r o s l e n g t h ;

cout << ”What b i t r a t e would you l i k e ( in Mbps)? ” ;

c in >> b i t r a t e ;

cout << ”Would you l i k e binary or a s c i i output (b or a )? ” ;

c in >> bora ;

while ( bora != ’b’ && bora != ’B’ && bora != ’a’ && bora != ’A’ )

{

cout << ”Would you l i k e binary or a s c i i output (b or a )? ” ;

c in >> bora ;

}

i f ( bora == ’b’ | | bora == ’B’ )

{

binaryOutput = true ;

}

else i f ( bora == ’a’ | | bora == ’A’ )

{

binaryOutput = f a l s e ;

}

long i n t tmpFunction = 0 ;
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while ( tmpFunction <= 0 | | tmpFunction > 4)

{

cout << ”What function do you want 1 : Linear , 2 : Gaussian ,

3 : Cosine Squared , 4 : Exponent ia l ? ” ;

c in >> tmpFunction ;

}

f unc t i on type = s t a t i c c a s t <function>(tmpFunction ) ;

i f ( heade r l ength % 16 != 0 && header l eng th > 0)

header l ength += 16 − ( heade r l ength % 16) ;

i f ( t r a i l e r l e n g t h % 16 != 0 && t r a i l e r l e n g t h > 0)

t r a i l e r l e n g t h += 16 − ( t r a i l e r l e n g t h % 16) ;

i f ( data l ength % 16 != 0 && da ta l en g t h > 0)

data l ength += 16 − ( data l ength % 16) ;

i f ( z e r o s l e n g t h % 16 != 0 && ze r o s l e n g t h > 0)

z e r o s l e n g t h += 16 − ( z e r o s l e n g t h % 16) ;

char temp [ 2 5 5 ] ;

sprintf ( temp , ”%d” , header l eng th ) ;

headStr = temp ;

headStr . append (” ” ) ;

sprintf ( temp , ”%d” , da t a l en g t h ) ;

headStr . append ( temp ) ;

headStr . append (” ” ) ;

sprintf ( temp , ”%d” , t r a i l e r l e n g t h ) ;

headStr . append ( temp ) ;

headStr . append (” ” ) ;

sprintf ( temp , ”%d” , z e r o s l e n g t h ) ;

headStr . append ( temp ) ;

headStr . append (” ” ) ;
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i f ( f unc t i on type == LINEAR)

sprintf ( temp , ” Linear ” ) ;

else i f ( f unc t i on type == GAUSSIAN)

sprintf ( temp , ” Gaussian ” ) ;

else i f ( f unc t i on type == COSINE SQUARED)

sprintf ( temp , ” CosineSquared ” ) ;

else i f ( f unc t i on type == EXPONENTIAL)

sprintf ( temp , ” Exponent ia l ” ) ;

headStr . append ( temp ) ;

headStr . append ( ” . ptrn ” ) ;

}

void openFi l e ( )

{

cout << ”Opening f i l e s . . . ” << f l u s h ;

outputF i l e . open ( headStr . c s t r ( ) ) ;

cout << ”done . ” << endl ;

}

void w r i t eF i l e ( )

{

char funct [ 2 5 ] ;

i f ( f unc t i on type == LINEAR)

sprintf ( funct , ” Linear ” ) ;

else i f ( f unc t i on type == GAUSSIAN)

sprintf ( funct , ” Gaussian ” ) ;

else i f ( f unc t i on type == COSINE SQUARED)

sprintf ( funct , ” CosineSquared ” ) ;

else i f ( f unc t i on type == EXPONENTIAL)

sprintf ( funct , ” Exponent ia l ” ) ;

outputF i l e << ”Vers ion=EPA 2.0” << endl ;

i f ( binaryOutput == true )

outputF i l e << ”Format=Bin” << endl ;

else

outputF i l e << ”Format=Asc i i ” << endl ;

outputF i l e << ” Desc r ip t i on=Power Shaping with Header = ” << header l ength
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<< ” , T r a i l e r = ” << t r a i l e r l e n g t h << ” , Data = ” << data l ength

<< ” , Zeros = ” << z e r o s l e n g t h << ” , Bit Rate o f ” << b i t r a t e

<< ” , and Function type o f ” << funct << endl ;

outputF i l e << ”Count=1” << endl ;

// Seconds are in microseconds , so need to d iv id e by 1 ,000 ,000 to

// convert from seconds

// B i t r a t e i s in Mbps , so need to mult ip ly by 1 ,000 ,000 to convert to b i t s

//So j u s t need to mult ip ly by 1 to do both , i . e . 1 ,000 ,000 / 1 ,000 ,000 = 1

outputF i l e << ”Length=” << ( heade r l ength + data l ength +

t r a i l e r l e n g t h+z e r o s l e n g t h ) ∗ b i t r a t e ∗ 1 << endl ;

outputF i l e << ”Data=” << endl ;

generateSequence ( ) ;

}

void c l o s e F i l e ( )

{

cout << ” Clos ing f i l e s . . . ” << f l u s h ;

outputF i l e . close ( ) ;

cout << ”done . ” << endl ;

}

double cumulDist ( double x , bool isHead )

{

i f ( f unc t i on type == LINEAR)

{

// cout << ” r e tu rn ing ” << 0 .25 ∗ pow(x , 2 ) << endl ;

return ( 0 . 25 ∗ pow(x , 2 ) ) ;

}

else i f ( f unc t i on type == GAUSSIAN)

{

//TODO

double s q r l o g = sqrt ( log ( 2 . 0 ) ) ;

double va l a t z e r o = (0 .0625 ∗ ( ( sqrt (PI ) ∗ erf ( 4 . 0 ∗ s q r l o g ∗ 0 .0 −

4 .0 ∗ s q r l o g ) ) / s q r l o g ) ) ;

// cout << ” r e tu rn ing ” << (0 . 0625 ∗ ( ( sqrt (PI ) ∗ erf ( 4 . 0 ∗

// sq r l o g ∗ x − 4 .0 ∗ s q r l o g ) )

// cout / s q r l o g ) ) − va l a t z e r o << endl ;

return (0 . 0625 ∗ ( ( sqrt (PI ) ∗ erf ( 4 . 0 ∗ s q r l o g ∗ x − 4 .0
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∗ s q r l o g ) ) / s q r l o g ) ) − va l a t z e r o ;

}

else i f ( f unc t i on type == COSINE SQUARED)

{

// cout << ” r e tu rn ing ” << ( ( −0.50 ∗ cos ( ( PI ∗ x ) / 2 . 0 ) ∗

// sin ( ( PI ∗ x ) / 2 . 0 ) + 0 .25

// cout ∗ x ∗ PI )/PI ) << endl ;

return ( ( −0.50 ∗ cos ( ( PI ∗ x ) / 2 . 0 ) ∗ sin ( ( PI ∗ x ) / 2 . 0 ) +

0 .25 ∗ x ∗ PI )/PI ) ;

}

else i f ( f unc t i on type == EXPONENTIAL)

{

// cout << ” r e tu rn ing ” << (exp ( 5 . 0 ∗ x − 5 . 0 ) / 10 . 0 ) << endl ;

return (exp ( 5 . 0 ∗ x − 5 . 0 ) / 1 0 . 0 ) ;

}

return 0 . 0 ;

}

void generateSequence ( )

{

i f ( heade r l ength > 0)

{

cout << ”Generating header . . . ” << f l u s h ;

long i n t numPoints = header l ength ∗ b i t r a t e ∗ 1 ;

long i n t numOnes = 0 ;

long i n t e i gh t = 8 ;

double curX , cumul ;

unsigned char byte ;

for ( long i n t i = 0 ; i < numPoints ; ++i )

{

curX = double ( i ) / double ( numPoints −1 .0 ) ;

cumul = double (numOnes) / double ( numPoints −1 .0 ) ;

shor t i n t mod = i − ( ( i / e i gh t ) ∗ e i gh t ) ;
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i f ( cumul < cumulDist ( curX , t rue ) )

{

byte |= unsigned (pow(2 ,8−mod−1)) ;

++numOnes ;

}

i f (mod == 7)

{

outputByte ( byte ) ;

byte = unsigned ( 0 ) ;

}

}

cout << ”done . ” << endl ;

}

i f ( data l ength > 0)

{

cout << ”Generating data . . . ” << f l u s h ;

for ( long i n t d = 0 ; d < data l ength ∗ b i t r a t e ∗ 1 ; d = d + 8)

{

outputByte ( char ( 1 7 0 ) ) ;

}

cout << ”done . ” << endl ;

}

i f ( t r a i l e r l e n g t h > 0)

{

cout << ”Generating t r a i l e r . . . ” << f l u s h ;

long i n t numPoints = t r a i l e r l e n g t h ∗ b i t r a t e ∗ 1 ;

long i n t numOnes = 0 ;

long i n t e i gh t = 8 ;

double curX , cumul ;

unsigned char byte ;

unsigned char ∗ t r a i l e r = new unsigned char [ numPoints / 8 ] ;

for ( long i n t i = 0 ; i < numPoints ; ++i )

{
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curX = double ( i ) / double ( numPoints −1 .0 ) ;

cumul = double (numOnes) / double ( numPoints −1 .0 ) ;

shor t i n t mod = i − ( ( i / e i gh t ) ∗ e i gh t ) ;

i f ( cumul < cumulDist ( curX , t rue ) )

{

byte |= unsigned (pow(2 ,mod ) ) ;

++numOnes ;

}

i f (mod == 7)

{

t r a i l e r [ numPoints/8 − i /8 − 1 ] = byte ;

byte = unsigned ( 0 ) ;

}

}

for ( long i n t b = 0 ; b < numPoints /8 ; ++b)

{

outputByte ( t r a i l e r [ b ] ) ;

}

cout << ”done . ” << endl ;

}

i f ( z e r o s l e n g t h > 0)

{

cout << ”Generating zeros . . . ” << f l u s h ;

for ( long i n t z = 0 ; z < z e r o s l e n g t h ∗ b i t r a t e ∗ 1 ; z = z + 8)

{

outputF i l e << ( char ) 0 ;

}

cout << ”done . ” << endl ;

}

}

void outputByte ( unsigned char byte )

{
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i f ( binaryOutput == true )

{

outputF i l e << byte ;

}

else

{

for ( i n t i = 7 ; i >= 0 ; −− i )

{

unsigned char powoftwo = unsigned (pow(2 , i ) ) ;

i f ( unsigned ( byte & powoftwo ) > 0)

outputF i l e << 1 ;

else

outputF i l e << 0 ;

}

}

}

LabView Programs
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Figure 27: Labview Program Used to control the VCBs
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Figure 28: Labview program used to capture waveforms from the oscilloscope



69

APPENDIX B

LAB EQUIPMENT
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Figure 29: Ortel laser bank

Figure 30: Agilent Transmitter
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Figure 31: Thor Labs detector

Figure 32: Bookham EDFA
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Figure 33: Bookham MGMFL-1AEC28

Figure 34: Bookham MGMFL-1AWC28
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Figure 35: JDSU amplifier

Figure 36: JDSU amplifier data
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Figure 37: AWG multi/demultiplexer used to filter the probe channel


