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Introduction

The most effective way for you to become familiar with OptiSystem is to complete the
tutorials and read the advanced simulation projects in this document. You will learn
how to use the software by solving problems. Some of the information described here
is also described in the Quick Start section of the OptiSystem User’s Guide.

This document contains the following sections.

Tutorials

* Lesson 1: Transmitter — External modulated laser

* Lesson 2: Subsystems — Hierarchical simulation

* Lesson 3: Optical Systems — WDM Design

* Lesson 4: Parameter Sweeps — BER x Input power

* Lesson 5: Bidirectional Simulation — Working with multiple iterations

* Lesson 6: Time-Driven Simulation — Working with individual samples

* Lesson 7: Optical Amplifiers — Designing optical fiber amplifiers and fiber lasers
* Lesson 8: Optical Systems — Working with multimode components

Advanced simulation project sections

*  Optical transmitters

*  Optical fibers

*  Optical receivers

» Doped optical fiber amplifiers



Notes:



Introductory Tutorials

This section contains the following introductory tutorials.

* Lesson 1:
* Lesson 2:
* Lesson 3:
* Lesson4:
* Lesson5:
* Lesson 6:
« Lesson7:
* Lesson 8:

Transmitter — External modulated laser

Subsystems — Hierarchical simulation

Optical Systems — WDM Design

Parameter Sweeps — BER x Input power

Bidirectional Simulation — Working with multiple iterations
Time-Driven Simulation — Working with individual samples

Optical Amplifiers — Designing optical fiber amplifiers and fiber lasers
Optical Systems — Working with multimode components



Notes:



LESSON 1: TRANSMITTER — EXTERNAL MODULATED LASER

Lesson 1: Transmitter — External modulated
laser

This lesson describes how to create a transmitter using an external modulated laser. You will become
familiar with the Component Library, the Main layout, component parameters, and visualizers.

To start OptiSystem, perform the following procedure:

Starting OptiSystem

Step Action
1 On the Taskbar, click Start.
2 Select Programs > Optiwave Software > OptiSystem 9> OptiSystem.

OptiSystem opens and the graphical user interface appears (see Figure 1).

Figure 1 OptiSystem graphical user interface
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Main parts of the GUI

The OptiSystem GUI contains the following main windows:
* Project layout
» Dockers
— Component Library
— Project Browser
— Description
+ Status Bar

Project layout

The main working area where you insert components into the layout, edit
components, and create connections between components (see Figure 2).

Figure 2 Project layout window
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Dockers

Use dockers, located in the Main layout, to display information about the active
(current) project:

— Component Library
— Project Browser

— Description

Component Library

Access components to create the system design (see Figure 3).

Figure 3 Component Library window

Component Library :I EI

e A

Defaulk Cuskom

[l

Recently used




LESSON 1: TRANSMITTER — EXTERNAL MODULATED LASER

Project Browser

Organize the project to achieve results more efficiently, and navigate through the
current project (see Figure 4).

Figure 4 Project Browser window
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Description

Display detailed information about the current project (see Figure 5).

Figure 5 Description window

Description: Layouk 1 A

Status Bar

Displays useful hints about using OptiSystem, and other help. Located below the
Project layout window.

Figure 6 Status Bar
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Menu bar

Contains the menus that are available in OptiSystem (see Figure 7). Many of these
menu items are also available as buttons on the toolbars or from other lists.

Figure 7 Menu bar
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Using the Component Library

In the following example, you design the external modulated transmitter. You will
select components from the Component Library and place them in the Main layout.

Note: OptiSystem provides a set of built-in default components.

To use the Component Library, perform the following procedure.

[TRL] - Duplicate, [SHIFT] - Add to selection, [CTRL + SHIFT] Resize layout.

Step Action
1 To start a new project, from the Main toolbar, select File > New.
A blank Main layout appears in the Project layout window.
2 From the Component Library, select Default > Transmitters Library >
Optical Sources.
3 Drag the CW Laser to the Main layout (see Figure 8).
Figure 8 Adding a CW Laser to the Main layout
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From the Component Library, select Default > Transmitters > Modulators
> Optical.

Drag the Mach-Zehnder Modulator to the Main layout (see Figure 9).

Note: By default, the auto connect feature is on. When you place a
component to the Main layout, the input port of the component connects
automatically to the output port of a component that it can connect to. To turn
the auto connect feature off, see “Turning the Auto connect feature off and on”
on page 12.
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6 From the Component Library, select Default > Transmitters Library >
Bit Sequence Generators.

7 Drag the Pseudo-Random Bit Sequence Generator to the Main layout.

8 From the Component Library, select Default > Transmitters >

Pulse Generators > Electrical.
9 Drag the NRZ Pulse Generator to the Main layout (see Figure 9).

Figure 9 Adding components to the Main layout
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Auto connect feature

By default, the Auto Connect on Drop feature is active. There are two ways that
components can auto connect:

* Auto Connect on Drop: When you place a component from the Component
Library in the Main layout, the input port of the component connects
automatically to the nearest output port of another component.

* Auto Connect on Move: When you move a component in the Main layout, the
input port of the component connects automatically to the nearest output port of
another component.

Turning the Auto connect feature off and on

To turn the Auto connect feature off and on, perform the following procedure.

Step
1

Action

To turn the Auto connect feature off, click the active Auto Connect on Drop
button and the Auto Connect on Move button on the Layout Operations
toolbar.

The buttons are inactive (see Figure 10) and the components no longer
connect automatically to each other.

Figure 10 Inactive Auto connect buttons
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To turn the auto connect feature back on, click the inactive Auto Connect on
Drop button and the Auto Connect on Move button on the Layout
Operations toolbar.

The buttons are active (see Figure 11) and the components connect
automatically to each other.

Figure 11 Active Auto connect buttons
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Connecting components manually

The only connectable ports are those which have the same type of signal being
transferred between them.

The exception to this rule is the ports that can be added to a sub-system and certain
components in the library that have ports, which support any type of signal (for
example, Forks).

Note: You can only connect output to input ports and vice versa.

Figure 12 Rubber Band cursor

e

The rubber band cursor appears when you place the cursor over a port.

To connect components using the layout tool, perform the following procedure.

Step Action

1 Place the cursor over the initial port.
The cursor changes to the rubber band cursor (chain link) (see Figure 12).
A tool tip appears that indicates the type of signal that is available on this port
(see Figure 13).

2 Click and drag to the port to be connected.
The ports are connected.

Figure 13 Connecting components symbol
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Figure 14 Connecting ports
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¢ To connect the components, click on the port of one component and drag the
connection to the port of a compatible component (see Figure 16).

a. Connect the Pseudo-Random Bit Sequence Generator output port to
the NRZ Pulse Generator Bit Sequence input port.

13 (A,’
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Figure 15 Connecting components
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b. Connect the NRZ Pulse Generator output port to the available Mach-
Zehnder Modulator input port.

c. Connect the CW Laser output port to the Mach-Zehnder Modulator

input port.

Figure 16 Connecting components
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Visualizing the results

OptiSystem allows you to visualize simulation results in a number of ways. The
Visualizer Library folder in the Component Library allows you to post process and
display results from a simulation. The visualizer is categorized as an electrical or
optical visualizer according to the input signal type.

For example, to visualize the electrical signal generated by the NRZ Pulse Generator
in time domain, use an Oscilloscope Visualizer.

(‘, 14
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Visualizing the results

To visualize the results, perform the following procedures.

Step Action

1 From the Component Library, select Default > Visualizer Library >
Electrical.

2 Drag the Oscilloscope Visualizer to the Main layout.

The optical signal can be also displayed by selecting visualizers from the
library. For example, use an Optical Spectrum Analyzer and an Optical
Time Domain Visualizer to visualize the modulated optical signal in time
domain.

From the Component Library, select Default > Visualizer Library > Optical.
Drag the Optical Spectrum Analyzer to the Main layout.

5 Drag the Optical Time Domain Visualizer to the Main layout (see Figure
17).

Figure 17 Visualizers in Main layout
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Connecting visualizers

To visualize the signal from one component, you must connect the component output
port to the visualizer input port.

You can connect more than one visualizer to one component output port. As a result,
you can have multiple visualizers attached to the same component output port.

To connect visualizers, perform the following action.

15 (‘,
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Action

¢ To connect the component and visualizers, click on the output port of the
component and drag it to the input port of the visualizer (see Figure 18).

Note: You can only connect one component to a visualizer input port.

a. Connect the NRZ Pulse Generator output to the Oscilloscope
Visualizer input port.

b. Connect the Mach-Zehnder Modulator output to the Optical Spectrum
Analyzer input port and to the Optical Time Domain Visualizer input
port.

Figure 18 Connecting components to visualizers
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Visualizers and data monitors
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When you connect a visualizer to a component output port, OptiSystem inserts a
default data monitor to the component output port. You can then connect the

component to the visualizer.

Note: Visualizers always connect to monitors. You can have multiple visualizers
attached to the same component output port, because they are actually attached
to the monitor, not to the component (see the Mach-Zehnder Modulator with
connections to the OTDV and the OSD in Figure 19). Data monitors are
represented by a rectangle around the component output port (see Figure 19 for
examples of monitors on components).

Figure 19 Visualizers and monitors
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Connecting a monitor to a port

Visualizers post-process the data that the data monitor saves. You can connect a
monitor to a port without connecting to a visualizer, and the monitor will save the data
after the simulation ends. If you insert a monitor into a port before the simulation
starts, you can connect visualizer to this monitor after the simulation ends without
having to run the simulation again.

To connect a monitor to a port, perform the following procedure.

Step Action

1 From the Layout Tools toolbar, select the Monitor Tool.
The cursor changes to the Monitor tool.

Click the CW Laser output port.

To disable the Monitor tool, on the Layout Tools toolbar, click the
Layout tool.

The monitor saves the signals at the CW Laser output.

Note: If a port already has a monitor, clicking the port with the Monitor tool
removes the existing monitor.
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Component parameters

Viewing and editing component properties

To view the properties of a component, perform the following action.

Action

¢ In the Main layout, double click the CW Laser.

The CW Laser Properties dialog box appears (see Figure 20).

Component parameters are organized by categories. The CW Laser has five

parameter categories.

* Main —includes parameters for accessing a laser (Frequency, Power, Line width,

Initial phase)
* Polarization
+  Simulation
* Noise
* Random numbers

Figure 20 Component parameters
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Each category has a set of parameters. Parameters have the following properties:

+ Disp

«  Name
* Value
*  Units
*  Mode

Display parameters in the layout

The first parameter property is Disp. When you select this property, the parameter
name, value, and unit appear in the Main layout. For example, if you select Disp for
Frequency and Power, these parameters appear in the Main layout (see Figure 21).

Figure 21 Displaying parameters in the Main layout
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Parameter units

Some parameters, such as Frequency and Power, can have multiple units.
Frequency can be in Hz, THz or nm, and Power can be in W, mW, or dBm (see

Figure 22). The conversion is automatic.

Note: You must press Enter or click in another cell to update the values.

Figure 22 Parameter units
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Changing parameter modes: arithmetic expressions

Each parameter can have three modes: Normal, Sweep and Script. Script mode
allows you to enter arithmetic expressions and to access parameters that are defined

globally.

(‘, 20
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ge parameter modes, perform the following procedure.

Action

In the Main layout, double-click the CW Laser.
The CW Laser Properties dialog box appears (see Figure 23).

Click in the Mode cell beside Frequency.
A drop-down list appears.

From the drop-down list, select Script.

Click in the Value cell beside Frequency.

In the Parameter Script Editor dialog box, type:
193.1+0.1

Click Evaluate, and OK.

Click Evaluate Script.

The value of the script expression appears in the message window at the
bottom of the CW Laser Properties dialog box. The Frequency result is
193.200000.

To save the settings and return to the Main layout, click OK.

Figure 23 Scripted parameters
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Accessing visualizer parameters

To access the parameters for a visualizer, perform the following procedure.

Step

1

Note: You must right-click on a visualizer to access the parameters. Double-
clicking on a visualizer brings up a dialog box to visualize the graphs and results
generated during the simulation, not the parameters.

Action

In the Main layout, select and right-click on the Optical Spectrum Analyzer.
A context menu appears (see Figure 24).

From the context menu, select Component Properties.
The Optical Spectrum Analyzer Properties dialog box appears (see Figure
25).

Figure 24 Layout menu
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Figure 25 Visualizers parameter dialog
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Running the simulation

OptiSystem allows you to control the calculation in three different ways:
+ Calculate the whole project: all sweep iterations for multiple layouts

« Calculate all sweep iterations in the active layout: all sweep iterations for the
current layout

+ Calculate current sweep iteration: current sweep iteration for the current layout

By default, you will calculate the whole project, since there are currently no multiple
layouts and no sweep iterations.

To run a simulation, perform the following procedure.

Step Action

1 From the File menu, select Calculate.
The OptiSystem Calculations dialog box appears (see Figure 26).

2 In the OptiSystem Calculations dialog box, click Run to start the simulation
(see Figure 26).

The calculation output appears in the dialog box, and the simulation results
appear below the components that were included in the simulation in the
Main layout.

Figure 26 Running the simulation
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Saving the simulation results

OptiSystem allows you to save the data from the monitors. This allows you to save
the project file with the signals from the monitors. Next time you load the file, the
visualizers will recalculate the graphs and results from the monitors.

To save the simulation results, perform the following procedure.

Step
1

Action

Atfter the calculation ends, from the Tools menu, select Options.
The Options dialog box appears (see Figure 27).

Select Save Monitor Data, and click Save.
The results are saved with the project file.

Select File > Calculate.
The Optisystem Calculations dialog box appears.

In the OptiSystem Calculations dialog box, click Run to start the simulation
(see Figure 26).

When the calculation is finished, select File > Save As.
The Save As dialog box appears (see Figure 28).

Save the project.

Note: When saving monitors the project file size may become very large.
There is also a delay when reloading the project, due to the fact that
visualizers will recalculate during the loading of the file.

Figure 27 Options dialog box—Save Monitor Data selection
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Figure 28 Save As dialog box
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Displaying results from a visualizer

To display results from a visualizer, perform the following action.

Action

* Double-click a visualizer to view the graphs and results that the simulation

generates.
Note: Double-click again to close the dialog box.

Oscilloscope

To visualize electrical signals in time domain with an oscilloscope (see Figure 29),

perform the following action.

Action

¢ Double-click the Oscilloscope Visualizer.
The Oscilloscope Visualizer dialog box appears.
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Since OptiSystem can propagate the signal and noise separately, you can visualize
the results separately. Use the tabs on the left side of the graph to select the
representation that you want to view.

+ Signal
* Noise

+ Signal + Noise

« Al

Figure 29 Oscilloscope
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Optical Spectrum Analyzer

To visualize optical signals in frequency domain with an Optical Spectrum Analyzer
(see Figure 30), perform the following action.

Action

¢ Double-click the Optical Spectrum Analyzer.
The Optical Spectrum Analyzer dialog box appears.

Since OptiSystem uses a mixed signal representation, you can visualize the signal
according to the representation. Use the tabs on the left side of the graph to select the
representation that you want to view.

+ Sampled

+ Parameterized
* Noise

Al

To access the optical signal polarization, use the tabs at the bottom of the graph.
* Power: Total power

* Power X: Power from polarization X

* Power Y: Power from polarization Y

Figure 30 OSA
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Optical Time Domain Visualizer

To visualize optical signals in time domain with an Optical Time Domain Visualizer
(see Figure 31), perform the following procedure.

Action

¢ Double-click the Optical Time Domain Visualizer.
The Optical Time Domain Visualizer dialog box appears.

In time domain, OptiSystem translates the optical signal and the power spectral
density of the noise to numerical noise in time domain. Use the tabs at the bottom of
the graph to select the representation that you want to view.

Power: Total power
Power X: Power from polarization X
Power Y: Power from polarization Y
Note: When you select polarization X or Y, you can also select to display the

phase or chirp of the signal for that particular polarization.

Figure 31 Optical Time Domain Visualizer
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Info-Window
When you open the Info-Window, it appears in the work area of a visualizer graph.
By default, the Info-Window displays the current position (in database coordinates)

of the cursor. When you zoom, pan, or trace the graph, the coordinates in the
Info-Window change to reflect the coordinates of the cursor.

Accessing the Info-Window

To access the Info-Window, perform the following procedure.

Step Action

1 Double-click a visualizer to view the graph.

2 To open the Info-Window, right-click anywhere on the graph and select the
Info tool from the graph toolbox that appears (see Figure 32),
or

Click the Graph Menu button (top left corner of graph) and select
InfoWindow.

The Info-Window appears beside the graph.

Note: Enlarge the graph window to increase the size of the graph.

Figure 32 Graph toolbox

Select  Zoom Pan Grid

N & O EE

Tracer & Trace Marker Fegion
== 4T
Label Legend | Info | Lawout

A B @L4




LESSON 1: TRANSMITTER — EXTERNAL MODULATED LASER

Zoom, Pan, and Trace tools

The Zoom, Pan, and Trace tools help you analyze and extract information from the

graphs.

Zooming into a graph

To zoom into a graph, perform the following procedure.

Step
1

5

Action

To open the Optical Spectrum Analyzer display, double-click the Optical
Spectrum Analyzer.

Open the Info-Window (see Accessing the Info-Window).

To access the Zoom tool, right-click anywhere on the graph and select the
Zoom tool from the graph toolbox that appears,

or

Click the Graph Menu button and select Zoom.
The cursor changes into a magnifying glass.

Click and drag the magnifying glass cursor over the area of the graph that you
want to zoom into.

The cursor coordinates appear in the Info-Window.

Note: By default, the zoom operation zooms into the center of the center of
the grid.

Double-click anywhere on the graph to return to the original size.

Panning a graph

To pan a graph and view a specific area, perform the following procedure.

Step
1

Action

To open the Optical Spectrum Analyzer display, double-click the Optical
Spectrum Analyzer.

Open the Info-Window (see Accessing the Info-Window).

To access the Pan tool, right-click anywhere on the graph and select the Pan
from the graph toolbox that appears.

or

Click the Graph Menu button and select Pan.
The cursor changes into a hand.

Use the Pan tool to move the graph and view a specific area of the graph.
The cursor coordinates appear in the Info-Window.

31 ( A)
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Tracing a graph

To trace a graph and obtain the values for each point in the graph, perform the
following procedure.

Step
1

Action

To open the Optical Spectrum Analyzer display, double-click the Optical
Spectrum Analyzer.

Open the Info-Window (see Accessing the Info-Window).

To access the Tracer tool, right-click anywhere on the graph and select
Tracer from the graph toolbox that appears.

or

Click the Graph Menu button and select Tracer.
The cursor changes into a double-headed arrow

To view the X and Y line coordinates, click anywhere in the graph.

The X and Y line coordinates appear.

Move the X and Y line coordinates to the position on the graph curve that you
want to view the coordinates for.

The cursor and Tracer coordinates appear in the Info-Window.



Saving graphs
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You can obtain the table of points with the values for each point in the graph and then
save this as a test file. Copy the graph to the clipboard as a bitmap, or export the

graph in different file formats — for example, metafile or bitmap.

To save a graph, perform the following procedure.

Step
1

From the Graph Menu button, select Export Data.
The Data Table dialog box appears.

To save the data as a text file, click Export Curve.
The Save As dialog box appears (see Figure 33).

Select the folder where you want to save the data.
Type a name for the file, and click Save.

To return to the graph, click OK.

Figure 33 Graph menu dialog
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Figure 34 Data Export dialog

—Data Selection

Display | Display #0 =]

Curve:
* Waluez | ' Walues | :I
0 995001 008526E-007  —
E.25E-012 8.95001 005526E 007
1.25E.011 8.95001 00S526E 007
1.875E-011 8.95001 00S526E 007
2 BE-0711 9.99001 00S526E 007
2125€-011 9.93001 D0A526E 007
2.75E-011 9.93001 N0RK2EE 007
4.375E-011 5,99001 008526 -007 ~Export Data
FE-011 8.95001 00S526E 007
5.E25E-011 8.95001 00S526E 007
E.25E-011 5.99001 00E526E 007 Export Format:
E.B75E-011 9.93001 N0AS26E 007 : :
7.5E-011 8.95001 005526E 007 |5mgle Par  ¥|
£.126E-011 8.95001 00S526E 007
£.75E-011 8.95001 00S526E 007
5.375E-011 5.99001 00E526E 007 Ewport Display..
1E-010 9.93001 N0AS26E 007 | S
1.0625E-010 8.95001 005526E 007
1.125E-010 8.95001 00S526E 007 Export Curve.
1.1875E-010 8.95001 00S526E 007
1.25E6-010 9.99001 00S526E 007
131256010 999001008526E-007 |




Notes:

LESSON 1: TRANSMITTER — EXTERNAL MODULATED LASER



LESSON 1: TRANSMITTER — EXTERNAL MODULATED LASER



LESSON 2: SUBSYSTEMS — HIERARCHICAL SIMULATION

Lesson 2: Subsystems — Hierarchical

simulation

A subsystem is like a component — it has an icon, parameters, and input and output
ports. You build a subsystem using a group of components or other subsystems. You
can easily create a subsystem by grouping selected components in the layout (see

Figure 1).

Subsystems help you to create your own components based on the Component
Library without programming, and to organize the layout in different hierarchical levels

when there are a large number of components in different levels.

Figure 1 Hierarchical simulation
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This lesson describes how to create a subsystem using the External Modulated Laser

subsystem from Lesson 1: Transmitter — External modulated laser. You wi
familiar with subsystems and the Component Library.

Loading a sample file

To load a sample file, perform the following procedure.

Step Action
1 From the File menu, select Open.
2 From your C: drive, select Program Files > Optiwave Software >

OptiSystem 9 > samples > Introductory tutorials > “Lesson 2
Subsystems - Hierarchical simulation.osd”.

Il become
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Creating a subsystem

To create a subsystem, perform the following procedure.

Step
1

Action

In the Main layout, select the components that you want to include in the
subsystem.

A box appears around the selected components (see Figure 2)..

Right-click the selection.
A context menu appears (see Figure 24 from Lesson 1).

From the context menu, select Create Subsystem.

The subsystem appeatrs in a glass box. When you look inside the subsystem,
a subsystem tab appears at the bottom of the Main layout (see Figure 3).

Note: The visualizers that are not included in the selection are disconnected.
The subsystem does not add additional ports to connect the visualizers.

Figure 2 Creating a subsystem—Selected components in the Main layout
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Looking inside a subsystem

To look inside a subsystem, perform the following procedure.

Step
1

Action

Select the subsystem glass box and right-click.
A context menu appears (see Figure 3)

From the context menu, select Look Inside.

The subsystem opens and a Subsystem tab appears beside the
Main layout tab at the bottom of the subsystem layout window (see Figure
3).
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Figure 3 Looking inside a subsystem
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To return to the Main layout and close the subsystem, right-click in the
subsystem layout and select Close Subsystem from the context menu (see
Figure 24 from Lesson 1),

To return the Main layout and leave the subsystem open, click the Main
Layout tab.
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Creating a subsystem output port

You can change parameters and create ports in order to access the signals from the

subsystem.

Step Action

1 Select the subsystem glass box and right-click.
A context menu appears.

2 From the context menu, select Look Inside.
The subsystem opens.

3 From the Layout Tools toolbar, select Draw — Output Port Tool.
The cursor changes into a cross-hatch.

4 Position the cursor on the edge of the subsystem layout where you want to
add the output port.
The cross-hatch changes into an output port.

5 Click to place the output port.

The output port is created (see Figure 5).

Connecting a component output port to a subsystem output port

To connect the Mach-Zehnder Modulator output port to the subsystem output port,
perform the following procedure.

Step
1

Action

From the Layout Tools toolbar, select Layout Tool ks
The cursor changes into the Layout Tool.

Click the Mach-Zehnder output port.
The cursor changes into a link (see Figure 4).
To connect the Mach-Zehnder output port to the subsystem output port, drag

the cursor from the Mach-Zehnder output port to the subsystem output port
(see Figure 5).

The output ports are connected.

Click the Main Layout tab to return to the Main layout.
The output port appears in the subsystem.

Note: Use the same procedure to create input ports. Because this is a
transmitter, you will not create input ports in this lesson.
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Figure 4 Link tool in the subsystem
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Changing the port position and location

To change the port position and location, perform the following procedure.

Step
1

Action
In the Main layout, double-click the subsystem port,
or

In the subsystem, double-click the port.
The Port Properties dialog box appears (see Figure 6).

Select the position in the subsystem that you want to move the port to:

« Top

+ Bottom
o Left

* Right
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3 Move the slider to specify the exact position that you want to select.

4 To return to the Main layout, click OK.

Figure 6 Port properties
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Subsystem properties — name and icon

You can change the name and add an icon for a subsystem by changing the
subsystem parameters.

Changing a subsystem name
To change the subsystem name, perform the following procedure.

Step Action

1 In the Main layout, double-click on the subsystem.
The Subsystem Properties dialog box appears.

In the Label field, type External Modulated Transmitter (see Figure 7).

To return to the Main layout, click OK.

The new subsystem name appears below the subsystem glass box and on
the subsystem tab (see Figure 8).

Figure 7 Subsystem properties dialog
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Figure 8 Subsystem modified tab name
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Adding a subsystem icon

You can load a user-defined image from a file to use as the a subsystem icon.

To add a subsystem icon, perform the following procedure.

Step
1

Action

In the Main layout, double-click the External Modulated Transmitter
subsystem glass box.

The External Modulated Transmitter Properties dialog box appears.

Click the Value cell beside Subsystem Representation.
A drop-down list appears.

From the drop-down list, select User Image.

Click the Value cell beside Image Filename, and click [
The Open dialog box appears (see Figure 9).

Select the image that you want to use as the subsystem icon, and click Open.

Note: You can use the image External . bmp in the samples directory.

The image you selected appears as the External Modulated Transmitter
subsystem icon (see Figure 10).

To return to the Main layout, click OK in the External Modulated
Transmitter properties dialog box.

Figure 9 Subsystem dialog - User icon import
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Figure 10 User imported subsystem icon in Project layout
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Adding global parameters to a subsystem

In this example, use the External Modulated Transmitter subsystem that you
created. To access any parameter inside of the External Modulated Transmitter,
look inside of the subsystem.

To change the subsystem component parameter values without looking inside each
time you need to access them, you can create global parameters (see Figure 11).

In the following procedures, you will export the Power and Frequency parameters so
that you will be able to access them without looking inside the External Modulated
Transmitter subsystem.

To add a global parameter to a subsystem, perform the following procedure.

Step
1

Action

In the Main layout, double-click External Modulated Transmitter
subsystem.

The External Modulated Transmitter Properties dialog box appeatrs.

Click Add Param.
The Add Parameter dialog box appears (see Figure 11).

Type the following values:
* Name: Frequency

+ Type: floating-point

+ Category: Main

*  Minimum value: 100
*  Maximum value: 200
+ Current value: 193.1
e Units: THz

Click Add.

The Frequency parameter is added to the Main category. A message
appears in the message window at the bottom of the dialog box to advise you

that the Frequency parameter has been added.
45 ( A)
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Click Add Param.
The Add Parameter dialog box appears.

In the Add Parameter dialog box, type the following values:

Name: Power

Type: floating-point
Category: Main
Minimum value: -100
Maximum value: 30
Current value: 0
Units: dBm

Click Add.

The Power parameter is added to the Main category. A message appears in
the message window at the bottom of the dialog box to advise you that the
Power parameter has been added.

Figure 11 Add Parameter dialog
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Figure 12 Frequency parameter added to External Modulated Transmitter
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Accessing global parameters

In the last section, you added two parameters to the subsystem. Now you must create
a reference between the components inside the subsystem and the global
parameters (see Figure 13).

To access global parameters, perform the following procedure.

Step
1

Action

Right-click on the External Modulated Transmitter subsystem.
A context menu appears.

Select Look inside.
The subsystem layout appears.

Double-click the CW Laser.
The CW Laser Properties dialog box appears.

Click in the Mode cell beside Frequency and select Script from the drop-
down list.

Click in the Units cell beside Frequency and select THz from the drop-down
list.

Click the button in the Value cell beside Frequency.
The Parameter Script Editor dialog box appears.

47 (‘,
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Type Frequency and click OK.
Click in the Mode cell beside Power and select Script from the drop-down

list.
9 Click in the Units cell beside Power and select dBm from the drop-down list.
10 Click the button in the Value cell beside Power.

The Parameter Script Editor dialog box appears.
1" Type Power and click OK.
12 To return to the subsystem layout, click OK.
13 To return to the Main layout, click the Main Layout tab.

Figure 13 Using script parameters
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For example, now when you change the value of the Frequency parameter for the
External Modulated Transmitter subsystem, you will change the values for the CW
Laser inside the External Modulated Transmitter subsystem.
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Component Library

The OptiSystem Component Library consists of four sub-libraries (see Figure 14).

Default: Read-only — you cannot add or change the parameters of a default
component.

Custom: Allows you to add new components and expand the Component Library.

Note: You can base new components on components from the Default library.
However, the component name must be different from the name of the
component in the Default library. You can also include subsystems in the Custom
library.

Favorites: Allows you to add components to a library that includes the ones you
use most frequently.

Recently used: Components that you have used in recent projects are added
automatically to the Recently used library.

Figure 14 Component Library
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Before you add the External Modulated Transmitter to the Custom library, you will
create a new folder named Transmitters (see Figure 15).
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Creating sub folders in the Custom Library

To create a a sub folder in the Custom library, perform the following procedure.

Step Action
1 From the Component Library, select Custom.
The Custom library opens.
2 Right-click in the background of the Custom library.
A context menu appears (see Figure 15).
3 Select Add Folder.
The New Folder dialog box appears (see Figure 16).
4 Type Transmitters and click OK.

A new folder named Transmitters appears in the Custom library in the
Component Library (see Figure 17).

Figure 15 Creating a custom folder menu
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Adding a component to the library

You can drag components to any folder in the Custom library. To add the External
Modulated Transmitter to the Custom library in the Transmitters folder (see Figure
18), perform the following procedure.

Step Action

1 Double-click the Transmitters folder in the Custom library.

2 In the Main layout, select the External Modulated Transmitter component.

3 ]P:gg the External Modulated Transmitter subsystem into the Transmitters
older.

The External Modulated Transmitter subsystem appears in the
Transmitters folder.

Figure 18 Added component in Custom Library
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Creating additional ports

To access the electrical signal from the NRZ Pulse Generator inside the External

Modulated Transmitter subsystem, create an additional output portin the subsystem
(see Figure 19).

To create a port, perform the following procedure.

Step Action

1 In the Main layout, right-click on the External Modulated Transmitter.
A context menu appears.

2 Select Look Inside.
The subsystem layout appears.
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3 Create a new output portin the subsystem (see “Creating a subsystem output
port” on page 40).

Figure 19 Adding a new output port to the subsystem
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Adding a fork to the subsystem

You cannot connect the NRZ Pulse Generator output to this port because it's already
connected to the Mach-Zehnder Modulator input. To solve this problem, you can
duplicate the signal from the NRZ Pulse Generator and connect it to both the Mach-
Zehnder Modulator input and subsystem output ports by adding a fork (see Figure

20).
To add a fork to the subsystem, perform the following procedure.

Note: To increase the size of the layout, press Ctrl+Shift and drag the cursor
from the top left corner of the Main layout to the bottom right corner.

Step Action

1 From the Component Library, select Default > Tools Library.

2 Drag the Fork 1x2 to the Main layout.

3 Select the blue connection between the NRZ Pulse Generator and the

Mach-Zehnder Modulator.
The selected connection changes to red.

Press Delete to delete the connection.

Connect the NRZ Pulse Generator output to the Fork input.



Connect the first Fork output to the subsystem output port.
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Connect the second Fork output to the available Mach-Zehnder Modulator
input port (see Figure 20).

Note: To delete the internal data monitors, from the Layout Tools toolbar
select the Monitor tool and click the monitor in each component output port.

Figure 20 External Modulated Transmitter with two output ports
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To return to the Main layout, click the Main Layout tab.



LESSON 2: SUBSYSTEMS — HIERARCHICAL SIMULATION

Saving the modified subsystem

To save the modified subsystem, perform the following procedure.

Step
1

Action

In the Transmitters folder in the Custom library, select and right-click the
External Modulated Transmitter.

A context menu appears.
Select Delete.

Drag the modified External Modulated Transmitter from the Main layout
into the Transmitters folder in the Custom library.

Running the External Modulated Transmitter simulation

To run the simulation for the External Modulated Transmitter, perform the following
procedure.

Note: Before you run the simulation, you must connect the External Modulated
Transmitter output port to a component or visualizer.

Step
1

Action

Connect the first External Modulated Transmitter output to the
Oscilloscope Visualizer.

Connect the second External Modulated Transmitter output port to the
Optical Spectrum Analyzer and to the Optical Time Domain Visualizer.

Run the simulation:
a. Click Calculate.

b. Click the PLAY button.
The results appear in the Calculation Output window.

To view the graphs of the results, double-click each visualizer (see Figure 21).

Note: The center frequency and power of the transmitter are defined by the
values of the Frequency and Power parameters.
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Figure 21 Results from External Modulated Transmitter
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Notes:
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Lesson 3: Optical Systems — WDM Design

This lesson describes how to simulate a WDM system with 8 channels. You will
become familiar with the Component Library, parameter groups, and visualizers such
as the BER Analyzer.

Global parameters

For this simulation we will use default parameters for the Bit rate, Bit sequence
length, and Sample rate.

Viewing the global parameters
To view the default global parameters, perform the following procedure.

Step Action

1 From the File menu, select New.
A blank Main layout appears in the Project layout window.

2 Double-click anywhere in the Main layout.
The Layout 1 Parameters dialog box appears (see Figure 1).

The default global parameters used for this simulation are:
+ Bit rate: 2500000000 Bits/s
+ Sequence length: 128 bits
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« Time window: 5.12e-008

Figure 1 Global parameters
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Transmitters

To create the transmitters for the WDM system with 8 channels, perform the following

procedure.

Step Action

Note: To increase the size of the layout, press Ctri+Shift and drag the cursor
from the top left corner of the Main layout to the bottom right corner.

1 Create an external modulated laser using the procedures in Lesson 1:

Transmitter — External modulated laser.

Select the four external modulated laser components.

Copy and paste the selected components to create a total of eight

transmitters (see Figure 2).

Figure 2 Creating eight external modulated lasers
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4 From the Component Library, select Default > WDM Multiplexers Library >
Multiplexers.

Drag the WDM Mux 8x1 to the Main layout.
Connect the Mach-Zehnder Modulator outputs to the WDM Mux 8x1 inputs.

Note: You can select the values for the Mux internal filters to be displayed in

the layout by selecting the Disp option in the Channels tab of the Mux
properties dialog box (see Figure 3).

Figure 3 Displaying multiplexer frequency channels
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Parameter groups
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To enter the frequency values for each channel, double-click each CW Laser and
enter the frequency value. To simplify the process of entering parameter values for
each component, use the Parameter groups feature.

Accessing the Parameter groups table

The Parameter groups table gives you access to relevant parameters for the WDM
simulation (such as Frequency and Power) in one place. You can go into each
component and enter the values to change the parameters.

To access a parameter group, perform the following procedure.

Step Action

1 From the Main toolbar, select Layout > Parameter groups.
The Parameter Groups dialog box appears (see Figure 4).

Note: Typically you can access the following parameters from the Parameter
Groups table (see Figure 4):

Bit rate

Convert noise bins
Frequency
Iterations

Output signal type
Power

Sample rate

You can also enter the units for the parameter group and edit the parameter
values by typing new values or using the tools from the context menu.
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Default

Figure 4 Parameter groups
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2 Click the Value column.
The Value column is highlighted.
3 In the Parameters Groups table, select the Value column and right-click.
A context menu appears.
4 Select Spread.
The Parameter Group Spread dialog box appears (see Figure 5).
5 In the Start Value text box, type:
193.1
6 In the Increment text box, type:
0.1
7 To return to the Main layout, click Close.

The frequencies in the Value column are updated from 193.1 THz to

193.8 THz (see Figure 5).
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Figure 5 Entering frequency values
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Testing the transmitter

To verify the system setting for this design, use an Optical Spectrum Analyzer and
a WDM analyzer to obtain the signal spectrum and the total power for each channel.

To test the transmitter, perform the following procedure.

Step Action

1 From the Component Library, select Default > Visualizer Library > Optical.
2 Drag the Optical Spectrum Analyzer to the Main layout.

3 Drag the WDM Analyzer to the Main layout.

4 Connect the Optical Spectrum Analyzer input and the WDM Analyzer input

to the WDM Mux output.
5 Run the simulation:

a. Click Calculate.
The Calculation dialog box appears.

b. Click the Run button.
The calculation progress appears in the Calculation dialog box.

6 Double-click Optical Spectrum Analyzer to view the graph (see Figure 6).
The graph appears and displays eight equally-spaced channels.

7 Double-click the WDM Analyzer to view the numerical results (see Figure 6).

The WDM Analyzer dialog box appears and displays the numerical results
for the eight channels.

Note: The average signal power for each channel is approximately -3.3 dBm
for a resolution bandwidth of 0.1 nm.
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Figure 6 Simulation results from the visualizers
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Fiber + EDFA spans

To create a fiber connected to an EDFA, perform the following procedure.

Step Action
1 From the Component Library, select Default > Optical Fibers Library.
2 Drag the Optical Fiber to the Main layout.

3 Double-click the Optical Fiber.
The Optical Fiber Properties dialog box appears.

4 To change the parameter length to 80 km, click the Value cell beside Length,
and type:

80
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To return to the Main layout, click OK.

From the Component Library, select Default > Amplifiers Library > Optical.
Drag the Optical Amplifier to the Main layout.

In the EDFA Parameters, change Operation Mode to Power Control.

© 0 N O O

Connect the Optical Fiber output to the EDFA Ideal input (see Figure 7).

Figure 7 Fiber + EDFA span
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Connecting the Loop Control

The Loop Control allows you to set the number of times the signal propagates in the
components that are connected between the Loop Control input and output ports.
Use the Loop Control to calculate the system performance based on the number of
fibers and EDFA spans.
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To connect the Loop Control, perform the following procedure.

Step
1
2
3

Action
From the Component Library, select Default > Tools Library.
Drag the Loop Control to the Main layout.

Connect the output port of the WDM Mux 8x1 to the first Loop Control input
port.

Connect the first Loop Control output port to the Optical Fiber input port
(see Figure 8).

Connect the output port of the second EDFA Ideal (connected to the Optical
Fiber) to the Loop Control input port (see Figure 8).

Figure 8 Loop control
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Setting the number of signal round trips

You define the number of round trips that the signal makes through the loop by setting
the Number of loops parameter in the Loop Control.

To set the number of signal round trips, perform the following procedure.

Step Action

1

Double-click the Loop Control.
The Loop Control Properties dialog box appears (see Figure 9).



N o g A~ W

10

LESSON 3: OPTICAL SYSTEMS — WDM DESIGN

Figure 9 Loop control parameters
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To set the number of signal round trips, click the Value cell beside number of
loops, highlight the 0, and type:

3

Note: The signal will propagate 3 x 80km = 240 km.

To return to the Main layout, click OK.

From the Component Library, select Default > Optical Fibers Library.
Drag the Optical Fiber to the Main layout.

Set the fiber Length to 100km.

From the Component Library, select Default > WDM Multiplexers Library >
Demultiplexers.

Drag the WDM Demux 1x8 to the Main layout.

Connect the second Loop Control output port to the Optical Fiber and then
to the WDM Demux 1x8 input port (see Figure 10).

To view the WDM Demux 1x8 frequencies:

a. Double-click the WDM Demux 1x8
The WDM Demux 1x8 Properties dialog box appears.

b. Select the Channels tab.
In the Disp column, select the check box beside each frequency.

d. To return to the Main layout, click OK.

The eight frequencies and their values appear below the WDM
Demux 1x8 (see Figure 10).
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Figure 10 Demultiplexer
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Obtaining results after the demultiplexer

To verify the system setting for this design, you will use an Optical Spectrum
Analyzer, a WDM Analyzer, and an Optical Time Domain Visualizer.

To obtain the signal results in time and frequency and the total power for each channel
after the signal passes through the WDM Demux 1x8, perform the following

procedure.

Step Action

1 From the Component Library, select Default > Visualizer Library > Optical.

2 Drag the Optical Time Domain Visualizer to the Main layout.

3 Drag the Optical Spectrum Analyzer to the Main layout.

4 Drag the WDM Analyzer to the Main layout.

5 Connect each of the visualizers to the first output port on the WDM Demux
1x8 (193.1 THz).

6 Run the simulation:

a. Click Calculate.

b. Click the Run button.
The calculation progress appears in the Calculation dialog box.

Note: This simulation will take some time.
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7 Double-click the visualizers to view the results and graphs (see Figure 11).

Figure 11 Simulation results from the visualizers
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Adding a receiver

To add a photodetector, an electrical amplifier, and a Bessel filter to the design,
perform the following procedure.

Step

1
2
3
4
5
6
7

EDF A ldeal
Power = 100 d B
Moizse figure = <

Optical Fiber 1
jops = 3 Length = 100 km

Action

From the Component Library, select Default > Receivers Library >
Photodetectors.

Drag the Photodetector PIN to the Main layout.

Set the Thermal Noise parameter to 10721,

From the Component Library, select Default > Filters Library > Electrical.
Drag the Low Pass Bessel Filter to the Main layout.

Connect the first output port on the WDM Demux 1x8 to the Photodetector
PIN input port.

Connect the Photodetector PIN output port to the Low Pass Bessel Filter
input port (see Figure 12).

Figure 12 Adding the receiver to the WDM system
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Note: This design could be made using the WDM Transmitter component from
the Optical Transmitters library. Fewer steps are required if you use this
component. When using the WDM Transmitter, the receiver will require the

3R Regenerator component from the Receivers library (see sample file
Lesson3B.osd).
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Figure 13 WDM Transmitter layout design (Lesson 3B.osd)
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BER Analyzer

The BER Analyzer calculates system performance. It can predict the BER, Q-factor,
threshold, and Eye aperture of a system. You can view the BER patterns and the BER
value in each point of the Eye diagram using 3D graphs.

Adding the BER Analyzer

F

do- Random Bit SequencNRZ Pulse Ga
=

s
Bit rate = Bit (ate Bt

— -

To add the BER Analyzer to the system, perform the following procedure.

Step Action

1 From the Component Library, select Default > Visualizer Library >
Electrical.

2 Drag the BER Analyzer to the Main layout.

Note: The first BER Analyzer input port receives the binary signal.

3 Connect the output port of the first Pseudo-Random Bit Sequence
Generator to the first BER Analyzer input port.

Note: The second BER Analyzer input port receives the original sampled
signal. It compensates the delay between the signals that are transmitted and
received.

4 Connect the output of the first NRZ Pulse Generator to the second
BER Analyzer input port.

5 Connect the Low Pass Bessel Filter output port to third BER Analyzer input
port (see Figure 14).

Figure 14 Connecting the BER Analyzer
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6 Run the simulation:

a.
b.

Click Calculate.

Click the Run button.
The calculation progress appears in the Calculation dialog box.

Note: This simulation will take some time.
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7 To display the results and graphs, double-click the BER Analyzer.

Viewing the BER Analyzer graphs and results

To view the BER Analyzer graphs and results, perform the following procedure.

Step Action
1 Double-click the BER Analyzer.

The BER Analyzer window appears and displays a graph.
2 Select Show Eye Diagram.

The graph is redrawn and displays the Eye Diagram.

Note: When you open the BER Analyzer, the following graphs appear
together with the Eye Diagram (see Figure 15):

— Q-Factor: Maximum value for the Q-Factor versus Decision Instant.
— Min BER: Minimum value for the BER versus Decision Instant.

— Threshold: Threshold value versus Decision Instant that gives the
maximum Q-Factor and the Min BER.

— Height: Eye height versus Decision Instant.

— BER Pattern: When Calculate Patterns is selected, displays the regions
where the BER value is less than the user-defined values.

Figure 15 BER Analyzer graphs
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The Analysis group box displays the following values (see Figure 16):

3

Maximum Q-Factor

Minimum BER

Maximum eye aperture

Threshold

Decision Instant at the Max Q-Factor/ Min BER

Figure 16 BER Analyzer results
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Calculating BER patterns

To calculate the BER patterns, perform the following procedure.

Step Action
Note: The Calculate Patterns check box is only available when you select
the BER Pattern tab (see Figure 17).

1 In the BER Analyzer window, select the BER Pattern tab.
The graph changes to display the BER Patterns graph.

2 Select the Calculate Patterns check box.

The visualizer recalculates the results and displays a new graph.



Figure 17 Calculating BER patterns

BER Analyzer i

I Signal

5 BER Analyzer
Db Click On Objects to open properties. Move Objects with Mouse Dr
Time (bit period)
0 0.5 1
=
21
8]
2
- T
3%
s
o
r
2
| 2
B
Ee
o]

20p

litude (a.u.)

I

y

0

0s
Time (bit period)

Q Factor A Min BER_ A _Th

hold_h_Height

1

BER Pattern

E |

Signal Index:l 0
Auto Set |

|¥ Show Eye Diagram
Analysis

Max Q Factor:|5-02942
I—

bl

Min BER: |8.24e-010

Eye Height: M
Thieshold: [1-206:005
Decision Inst: |0.474S1
v Calculate Pattems——
- Pattern 1 :IW
M Fsten 2:|1-UUB-D1I
- Pattern S:IM
. Pattern 4:'%9_

| e 5:|1.DUE<DE|8

A

Calculating the 3D BER graph

I

To calculate the 3D BER, perform the following procedure.

Step

N o g A~ W

Action
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Note: You must enable the calculation of the BER patterns and the 3D graph.

Right-click the BER Analyzer.

A context menu appears.

Select Component Properties.

The BER Analyzer Properties dialog box appeatrs.
Select the BER Patterns tab (see Figure 18).

Select the Value cell beside Calculate Patterns.

Select the Value cell beside Calculate 3D graph.

In the Disp column, select Calculate Patterns and Calculate 3D graph.

To recalculate the results and return to the Main layout, click OK.

The visualizer recalculates the graphs and results.
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Figure 18 Calculating 3D graph
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Viewing the 3D graph
To view the 3D graph, perform the following procedure.

Step Action
1 If the Project Browser is closed:

*  From the Main toolbar, select View > Project Browser,

or
*  Press Ctri+2.
2 In the Project Browser, expand the BER Analyzer component.
A list of available options appears.
3 Expand the Graphs item in the list.
A list of BER Analyzer available graphs appears.
4 From the list of BER Analyzer graph items, right-click the BER Pattern 3D
Graph.
5 Select Quick View.

The 3D graph appears (see Figure 19).
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Figure 19 3D graphs from the project browser
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LESSON 4: PARAMETER SWEEPS — BER X INPUT POWER

Lesson 4: Parameter Sweeps — BER x Input
power

This lesson describes how to combine the results from the BER/Eye Analyzer with the signal input power
using parameter sweeps. You will become familiar with parameter sweeps, graph builder, results, graphs,
and views.

The first three procedures describe how to iterate the Power parameter for the CW Laser component.

Opening the sample file

Use the sample file Lesson4 Parameter Sweeps - BER x Input power.osd.
To open the file, perform the following procedure.

Step Action

1 From the Main toolbar, select File > Open.
The Open dialog box appears.

2

From your C: drive, select Program Files > Optiwave Software >

OptiSystem 9 > samples > Introductory tutorials > “Lesson4 Parameter
Sweeps - BER x Input power.osd”.

The sample file appears (see Figure 1).

Figure 1 Sample file that calculates BER x Input power
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Selecting the parameter to iterate using the Sweep mode

To select the parameter to iterate using the Sweep mode, perform the following
procedure.

Step
1

Action
Double-click the CW Lase

The CW Laser Properties dialog box appears (see Figure 2).

r.

In the Power row, click the Mode cell.

A drop-down list appears.
Select Sweep.

Figure 2 Changing the parameter mode to Sweep
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To save the settings, click OK.

The CW Laser Properties dialog box closes.
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Changing the number of sweep iterations
We want to be able to calculate the design using different values of the input power.

To change the number of sweep iterations, perform the following procedure.

Step Action

1 From the Layout menu, select Set Total Sweep Iterations.
The Total Parameter Sweep Iterations dialog box appears (see Figure 3).
2 In the Total Iterations, type:
10
3 To set the value and return to the Main layout, click OK.

Figure 3 Adding iterations
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Changing the values of sweep iterations

To change the values of sweep iterations, perform the following procedure.

Step

1

: Parameter Sweeps

Action

From the Layout menu, select Parameter Sweeps.
The Parameter Sweeps dialog box appears.

Select the Power column (all cells).
The selected cells are highlighted.

Under Spread Tools, click Linear.

The Parameter Iteration Spread dialog box appears (see Figure 4).

In Start Value, type:
-10

In End Value, type:
10

To set the values, click OK.
The Parameter Iteration Spread dialog box closes.

To return to the Main layout, click OK.
The Parameter Sweeps dialog box closes.

Figure 4 Entering values for all iterations
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Running the simulation

To run the simulation, perform the following procedure.

Step
1
2

Action
Click Calculate.

Click the Run button.
The calculation progress appears in the Calculations dialog box window.

Obtaining results using the Report Page

To create a graph showing the BER versus the power, you must obtain the results
generated by the BER Analyzer.

To obtain results using the Report Page, perform the following procedure.

Step
1

Action

Select the Report tab in the Project layout window.
The Report window appears.

Click the Opti2DGraph button on the Report toolbar and draw a 2D graph in
the report window.

The 2D graph appears in the Report window.

In the Project Browser, select the parameter Power from the CW Laser, and
drag it to the 2D graph X-axis (a grey triangle appears in the graph in the
bottom right corner).

The graph appears in the Report window.

In the Project Browser, select the Min. log of BER result from the
BER Analyzer component, and drag it into the Y-axis of the graph (the grey
triangle appears in the top left corner).

The result is plotted in the graph.
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Figure 5 Building the graph
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Browsing parameter sweep iterations

You can open the BER Visualizer and obtain the Eye diagrams and graphs, such as
Q-factor and BER, for different iterations changing the current sweep iteration.

To browse parameter sweep iterations, perform the following procedure.

Step Action

1 In the Main layout, double-click the BER Analyzer.
The BER Analyzer graph opens.

2 Select the Show Eye Diagram check box.
The graph changes to display the Eye Diagram.

3 In the toolbar, change the Sweep iteration (see Figure 6).

Note: You obtain different results for each iteration, one for each input power
value.

Figure 6 Browsing through the parameter sweep iterations, the Eye diagram, and Q-Factor for each value
of laser power
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Combining graphs from sweep iterations

Visualizers can generate graphs for all sweep iterations.

You can access the graphs for all sweep iterations by using the Graph subfolder in
the Project Browser.

Note: A visualizer will display only the current sweep iteration when you access
the graphs by double-clicking on the graph and browsing for different iterations.

To combine graphs from sweep iterations, perform the following procedure.

Step Action
1 If the Project Browser is closed:
*  From the Main toolbar, select View > Project Browser
or
* press Ctri+2.
2 Expand the Graphs subfolder for the BER Analyzer.
The list of available graphs appears.
3 Right-click Q Factor, and select Quick view,
or
4 Drag and drop the graph into the Report Page.
A graph appears and displays the iterations for each input power value (see
Figure 7).
Figure 7 Multiple iterations graph
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Lesson 5: Bidirectional Simulation — Working
with multiple iterations

Besides the typical global simulation parameters of OptiSystem, such as Bit rate,
Samples per bit and Sequence length, there are two additional parameters that are
very important when designing bidirectional systems or systems with closed loops,
such as ring networks.

These parameters are

* |terations

* Initial delay

Iterations force a component to calculate again until it generates, at the output ports,
the Iterations number of signals.

Initial delay forces a component to generate a null signal for each output port.

Because the majority of OptiSystem components will not calculate if a signal is not
available at the input ports, the Iterations and Initial delay parameter will help the user
to avoid a situation in which the simulation will not perform because a component
cannot find signals at the input port - and the system will be deadlocked.

The concept of multiple iterations and delays is very confusing, because it does not
have a physical meaning. It is a simulation technique and requires an understanding
of the calculation scheduler of OptiSystem.

A basic bidirectional simulation

System setup
« Using the default global parameters, we can start adding the components to
design the basic bidirectional system.
From the component library, drag and drop the following component in to the layout:

*  From "Default/Transmitters Library/Optical Sources", drag and drop the "CW
Laser" into the layout.

* Change the laser parameter Linewidth to 0 MHz.

»  From "Default/Passives/Optical/lsolators", drag and drop the "Isolator"
components into the layout.

» Change the Isolator parameter Insertion loss to 3 dB.

*  From "Default/Visualizers Library/Optical”, drag and drop 3 of the "Optical
Spectrum Analyzer" into the layout.
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The next step is to connect the components according to the Figure 1. Do not forget
to connect the Isolator Input 2 at the Output 2.

Figure 1 Basic bidirectional system
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Running the simulation

We can run this simulation and analyze the results:

» To run the simulation you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* Inthe calculation dialog box, press the Play button.The calculation should
perform without errors.

Viewing the results - system deadlock

In order to see the results, double click at each of the OSA visualizers.

The OSA connected at the CW Laser output will have a signal as presented in Figure
2.

As expected, we have a CW signal centered at 193.1 THz with peak power around 0
dBm. However, the other two OSAs have no signals, and this is also expected.

Why is this expected? It is expected because the Isolator does not have a signal at
each input port. The laser will send a signal to the first input port of the isolator.
However, the isolator will not calculate if a signal is not available at the second port -
the system is deadlocked.
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Figure 2 CW Laser output
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Using delays

What if we add a delay at the second input port of the Isolator?

* From "Default/Tool library", drag and drop the "Optical Delay" into the layout.

* Add another OSA to the system.

+ Connect the component according to Figure 3.

The delay component is important because, unlike the Isolator, it will calculate without

having a signal at the input port. If the laser and the delay calculate, the Isolator will
have signals available at both input ports.

Run the simulation again and open the visualizers.
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C Laser
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Power =0 dBm
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Figure 3 Basic bidirectional system using a delay
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Viewing the results

Let's take a look at the signal at the second port of the Isolator. As expected, the input
signal was attenuated by the isolator insertion loss and the peak power is -3 dBm. The
OSA at the first isolator output shows the value of the return loss of the device and
the peak power is -60 dBm.

Now, let's see the signal at the Delay output. If we open the OSA at the delay output
there is no signal - it is empty. This is the result of the first calculation of the delay.
There was no input signal and the delay generated a null signal. This null signal and
the laser signal were sent to the Isolator inputs. The isolator calculated with these two
signals and generated a signal per output port.

One of the signals went back to the delay, which will then transfer the signal to its
output port. This means there are two signals at the delay output: the null signal and
the signal from the isolator.

In order to browse through the signals at the delay output you should use the Signal
index parameter from the OSA. Set the signal index to 1 and you will see the signal
from the isolator, with peak power of -3 dBm (Figure 4).
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Figure 4 Second signal at the delay output
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This means we could calculate using the isolator, however the results are not exactly
what we expect in this type of bidirectional system. There is a feedback between the
second isolator input and output port that did not cause any effect in our results. We
should force the signal to “circulate” between the laser, isolator and delay in order to
see the signal evolution in the system.

In order to force the signal to circulate multiple types in the system, we can force the
laser to generate the same signal multiple times, forcing the component to calculate
multiple times - because there will be signals available at the input ports of the isolator
and delay.
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Using /terations parameter

Change the global parameter Iterations to 10, run the simulation again.

Viewing the results

Let's see the results from the OSAs. The laser generated 10 signals. You can change
the signal index parameter at the laser output and see that the signal power does not
change. This is expected, because we have 10 copies of the same signal.

We expect the second isolator output signal to have -3dBm of power. However we
don't know the power at the first isolator output port. This port will have the laser input
power reflected by the return loss, plus the feedback signal attenuated by the isolator
insertion loss.

Look at the OSA at the isolator outputs in order to evaluate the results. Do not forget
to change the signal index!

By changing the signal index you can see how the power changes per iteration. We
are using 10 iterations but 2 or 3 should be enough to give a “steady-state” value for
the output power of the OSAs.

Cascading devices

Let's make the system more complicated:
*  Duplicate the Isolator.
»  Connect the component according to Figure 5.

From what we learned until now, it seems obvious that this system will be deadlocked
because the two Isolators will not have signals at the input ports.

You can run the simulation and you will see that the 10 signals from the laser will not
reach all the visualizers. In order to make the system work, we should add more
delays:

* Duplicate the delay twice.
+  Connect the component according to Figure 6.

If you run the simulation again, the system will run properly. You should increase the
OSA signals index in order to visualize the proper results.
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Figure 5 Basic bidirectional system cascading two isolators
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Using Initial delay parameter

The main problem with cascading these devices is that the user should add delays
per each input port, and this can be cumbersome for some designs. This is why
OptiSystem allows the user to include a delay by default for each input port:

* Remove the delays.

+ Connect the component according to Figure 7.

* Inthe global parameters, enable parameter Initial delay.
*  Run the simulation.

This time we have a clean design, without multiple delays. The final results are the
same as adding the delays.

There is one main difference between the designs of Figure 6 and 7. By enabling the
global parameter initial delay, all components will generate a null signal, including the
laser component. This is not true for Figure 6, in which only the delays generated the
null signals.

Figure 7 Basic bidirectional system with two isolators in cascade
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LESSON 5: BIDIRECTIONAL SIMULATION — WORKING WITH MULTIPLE ITERATIONS

Tools library

OptiSystem Tools Library has components that can manipulate signals and signal

buffers.

Signals can be duplicated, selected, initialized, etc. For example, Figure 8 presents a
system that is equivalent to Figure 6, without using global parameters: Iterations = 1
and Initial delay = disabled.

* Repeat the steps to generate Figure 6 layout.

»  Set the global iterations parameter to 1.

» Set the Initial delay parameter to disabled status.

* From "Default/Tool library", drag and drop the "Duplicator" into the layout.

* Change the parameter lterations mode to Normal. Set the value to 10.

»  From "Default/Tool library", drag and drop the "Buffer selector" into the layout.

« Change the parameter lterations and Selection mode to Normal. Set the value of
Iterations to 10 and Selection to 9.

»  Connect the component according to Figure 8.

¢ Run the simulation.

Figure 8 Bidirectional system using duplicator, delay and selector
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This time the duplicator component will do the job of generating multiple signals. It will
generate 10 copies of the signal from the laser. The selector will select the last signal

from the input buffer and sent it to the output port.
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This means the signal index parameter of the OSA connected to the Selector will have
only one value:0. This is because the other signals were filtered by the selector
component.
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Lesson 6: Time-Driven Simulation — Working
with individual samples

One of the main features of OptiSystem is the mixed signal representation.

Individual sample is a signal type that allows the users to simulate time-driven
systems in the electrical and optical domain. By using time-driven simulation, users
can create designs that have closed loops and feedbacks.

Additionally, the optical individual sample allow for simulation of WDM systems by
using multiple bands. Each band shares the same sample rate and time window, but
they can have different center frequencies.

To manipulate individual samples, there are four new components available in the
component library:

Component name Folder Icon
Convert To Electrical Individual Signal Processing
Samples Library/Tools/Electrical/ -
|+
]
Convert From Electrical Signal Processing Library/Tools/
Individual Samples Electrical/
|
u
Convert To Optical Individual Signal Processing
Samples Library/Tools/Optical/ -
|+
]
Convert From Optical Individual Signal Processing
Samples Library/Tools/Optical/
n
|

To verify if a component is compatible with individual samples, you should check

OptiSystem component library documentation.
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A Time-Driven Simulation

Global parameters

To reduce the calculation time, we should reduce the number of samples of the
signals that will be calculated during the simulation.

To reduce the number of samples, we can reduce the sequence length and the
number of samples per bit.

* In the global parameters dialog box, change the parameter Sequence length to
16, and the Samples per bit to 32. The Number of samples parameter should be
512 (Figure 1).

Figure 1 Global parameters

Layout 1 Parameters ﬂ
: : : : : Cancel |
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ame Value Units Maode
Simulation window Set bit rate MNormal
Reference bit rate ird MNarmal
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Time window Gode-009: s Mormal
Sample rate 000000000 Az Narmal Remoye Far |
Sequence length 16: Bits MNormal —I
EditF:
Samples per bit 32 MNarmal sdtrararn
Humber of samples 542 MNormal
=
LI Help |

This means that we will have 512 individual samples at the output of the Convert To
Electrical Individual Samples component, and 512 individual samples per WDM
channel at the output of the Convert To Optical Individual Samples component.
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System setup

We can start adding the components to design the basic time-driven system.

From the component library, drag and drop the following component in to the layout:

* From "Default/Transmitters Library/Optical Sources", drag and drop the "CW
Laser" into the layout.

»  From "Default/Transmitters Library/Bit Sequence Generators", drag and drop the
"Pseudo-Random Bit Sequence Generator" into the layout.

*  From "Default/Transmitters Library/Pulse Generators/Electrical", drag and drop
the "NRZ Pulse Generator" into the layout.

* From "Default/Visualizers Library/Optical", drag and drop the "Optical Time
Domain Visualizer" into the layout.

»  From "Default/Visualizers Library/Electrical", drag and drop the "Oscilloscope
Visualizer" into the layout.

The next step is to connect the components according to the Figure 2.

Figure 2 First layout
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R

unning the simulation

We can run this simulation and analyze the results:

»  To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* In the calculation dialog box, press the Play button.

Viewing the results

To see the results, double click at each of the time domain visualizers. The optical and
electrical signals are available in Figure 3.

These are the graphs of the sampled signals. To convert these signals into individual
samples, we can use the components from Table 1.

Figure 3 CW Laser output and NRZ pulse generator output
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+ Drag and drop the components from Table 1 into the layout.
* Duplicate the time domain visualizers

»  Connect the components according to the Figure 4.

* Run the simulation
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Figure 4 Layout using the individual sample tools
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To see the results, double click at each of the time domain visualizers.

The optical and electrical signals are available in the Figure 5. You will notice that the

signals are the same as in Figure 3.

The CW laser will send a sample signal to the 'Convert to...' component. This
component will generate 512 samples and send each one of them to the 'Convert
from..."' component. The 512 samples will be combined into a signal that should be
the same as the original signal from the laser. The same process applies to the

electrical signal.
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Figure 5 'Convert from...' components outputs
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Important remarks

» Visualizers cannot display individual samples. You should use a 'Convert From...'
component before a visualizer.

» Check if a component is compatible with individual samples before creating a
project.

* The project scope that requires simulation using individual samples must be
confined between the 'Convert To..." and 'Convert From...' components.

* For each individual sample a component will run one calculation. This means the
simulation will be slower when using individual samples.

« Faster simulation can be obtained by disabling calculation scheduler messages.

Filtering using individual samples

(‘, 102

There are two type of filtering techniques used in OptiSystem when working with
individual samples.

If a filter has the parameters Digital filter and Digital filter order available, the user can
enable the FIR filter and enter the number of coefficients for the filter.

Be aware of the FIR filter latency because the filter will introduce a delay equal to one
half of the number of coefficients.

If the filter does not have these parameters or if the 'Digital filter' parameter is
disabled, the individual samples will be attenuated by the value at the filter center
frequency

In this case, we are assuming that the filter bandwidth is much wider than the sample
rate. For optical signals, there attenuation will be wavelength dependent.

This means that every individual sample will have a different value of attenuation
depending on the filter shape.

*  From "Default/Filters Library/Electrical", drag and drop the "Low Pass Bessel
Filter" into the layout.

»  From "Default/Filters Library/Optical", drag and drop the "Bessel Optical Filter"
into the layout.
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»  For both components, enable the parameter Digital filter.
»  Connect the components according to the Figure 6.
*  Run the simulation.

Figure 6 Filtering individual samples
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Viewing the results

Compare the signals from the two Oscilloscopes (Figure 7). You will see that the

S
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second signal is delayed and filtered. This is related to the FIR filter used in the low

pass filter. The same applies to the optical signal.

Figure 7 Electrical signal before and after FIR filter
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Notes:
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LESSON 7: OPTICAL AMPLIFIERS — DESIGNING OPTICAL FIBER AMPLIFIERS AND FIBER LASERS

Lesson 7: Optical Amplifiers — Designing
optical fiber amplifiers and fiber lasers

OptiSystem allows the design and simulation of optical fiber amplifiers and fiber
lasers.

The projects presented here are available under OptiSystem installation folder
samples\Optical amplifiers.

This tutorial will describe part of the library of optical amplifiers.

There are four categories of components in the library:

- EDFA
« Raman
« SOA

*  Waveguide amplifiers

The EDFA folder contains the Erbium-doped fiber model and other models to allow
the simulation of EDFAs in the steady-state condition. Furthermore, the folder
includes models to simulate erbium-ytterbium codoped fiber, ytterbium-doped fiber
and dynamic models for the erbium and ytterbium fibers.
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Table 1 Doped fiber models

Component name Folder Icon
Erbium Doped Fiber Amplifiers Library/Optical/EDFA E
EDFA Amplifiers Library/Optical/EDFA
EDFA Black Box Amplifiers Library/Optical/EDFA

i

L]
Optical Amplifier Amplifiers Library/Optical/EDFA 5
EDFA Measured Amplifiers Library/Optical/EDFA &
EDF Dynamic Amplifiers Library/Optical/EDFA ST
EDF Dynamic Analytical Amplifiers Library/Optical/EDFA -
Er-Yb Codoped Fiber Amplifiers Library/Optical/EDFA Bl

=W

Yb Doped Fiber Amplifiers Library/Optical/EDFA -~
Yb Doped Fiber Dynamic Amplifiers Library/Optical/EDFA

Y%‘ I

The second category is the Raman models. These components allow the simulation
of Raman fiber amplifiers. The Raman folder includes the Raman models for steady
state and dynamic conditions.
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Table 2 Raman models

Component name Folder Icon
Raman Amplifier - Average Amplifiers Library/Optical/Raman

Power Model E
Raman Amplifier - Dynamic Amplifiers Library/Optical/Raman YN
Model @

The tutorial will use passive components that allow the design of amplifiers and
lasers. These components are spread in different folders at the OptiSystem
component library and some of them are described at Table 3. These are the
equivalent components to those found in OptiAmplifier.
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Table 3 Passive components

Component name Folder Icon
Isolator Bidirectional Passives Library/Optical/lsolators
Reflector Bidirectional Passives Library/Optical/Reflectors
Attenuator Bidirectional Passives Library/Optical/Attenuators
Pump Coupler Bidirectional Passives Library/Optical/Couplers
Coupler Bidirectional Passives Library/Optical/Couplers
Tap Bidirectional Passives Library/Optical/Taps
Circulator Bidirectional Passives Library/Optical/Circulators @
Polarization Combiner Passives Library/Optical/Polarization
Bidirectional E
Reflective Filter Bidirectional Filters Library/Optical/
3 Port Filter Bidirectional Filters Library/Optical/

G
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Component name Folder Icon
Transmission Filter Bidirectional | Filters Library/Optical/

N\
Nx1 Mux Bidirectional WDM Multiplexers Library/Multiplexers

5
2x2 Switch Bidirectional Network Library/Optical Switches

(]

Optical Amplifiers

Global parameters
The first step when using OptiSystem is setting the global parameters.

As we already know, one of the main parameters is the time window, calculated from
the bit rate and sequence length.

For the amplifier and laser design, there are other important parameters that will
define the number of iterations in the simulations and introduce an initial delay in the
in the simulation.
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These parameters are the lterations and Initial delay, and are available in the global
parameters window (Figure 1).

Figure 1 Global parameters: Signals tab

Layout 1 Parameters ﬂ
Cancel |
Simulation ISpatiaI effects l Moize l Signal tracing I
| Hame Value Units Mode
Iterations 1 Normal
Initial delay - Normal
Parameterized r Normal Add Param... |
Remove Far |
Edit Faram... |
|
LI Help |

For this tutorial we will use the default parameters, except for some global

parameters.

* Inthe global parameters dialog box, change the parameter Bit rate to 2.5e9,
Sequence length to 32, and Samples per bit to 32. The Time window parameter
should be 1.28e-8 s (Figure 2).
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Figure 2 Global parameters: Simulation parameters tab

Layout 1 Parameters ﬂ
. - Cancel |
Simulation ISignaIs l Spatial effects l Moize l Signal tracing I
Hame Value Units Mode
Sil i ind: Set bit rate Normal
Reference bit rate ird Normal
Bit rate Bits's Novemal Add Param... |
Time window 1.28e-0088 s Normal
Sample rate Hz Narmal Figmove Par |
Sequence length 32 Bits Normal —I
Edit P
Samples per bit 32 Normal LeEn
Humber of samples 1024 MNormal
=
LI Help |

System setup

After setting the global parameters, we can start adding the components to design the
basic EDFA design.

From the component library, drag and drop the following component in to the layout:

From "Default/Transmitters Library/Optical Sources", drag and drop the "CW
Laser" and the "Pump Laser" into the layout.

From "Default/Amplifiers Library/Optical/Doped Fibers", drag and drop the
"Erbium Doped Fiber" component into the layout.

From "Default/Passives Library/Optical/lsolators”, drag and drop two "Isolator
Bidirectional" components and a "Pump Coupler Bidirectional" component into
the layout.

From "Default/Receivers Library/Photodetectors", drag and drop a
"Photodetector PIN" component into the layout.

From "Default/Visualizers Library/Optical", drag and drop the "Dual Port WDM
Analyzer" into the layout.

The next step is to connect the components according to Figure 3. As we can see,
there is one input port in the isolator opened, so to be able to run the simulation it is
necessary to include an optical null in the design (Figure 3 (b)).
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Figure 3 EDFA layout
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Although all components are in the layout and correctly connected, we are not able
yet to run the simulation properly.

First, because we are considering the signals propagating in both directions, we will
need more than one global iteration for the results in the system to converge.

Secondly, in the first iteration there are no backward signals in the left input port of the
bidirectional components, such as the isolator and pump coupler. This will make the
simulation stop.

To resolve the first condition, you just have to increase the number of iterations.

To resolve the second condition, there are two possible solutions: We can enable in
the Signals Tab the Initial delay parameter (Figure 4) or we can introduce in the layout
the component "Optical Delay" (Figure 5).
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Figure 4 Global parameters - Increasing the number of iterations and enabling /nitial Delay
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Figure 5 Including the "Optical Delay"” components in the layout
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Running the simulation

We can run this simulation for the system shown in Figure 3 and analyze the results:

»  To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* In the calculation dialog box, press the Play button. The calculation should
perform without errors.

Viewing the results

To see the results, double click the Dual Port WDM Analyzer. You can see the results
of each iteration by browsing in the Signal Index parameter.

Figure 6 shows the results in the WDM analyzer for the 6 iterations and initial delay.

Figure 6 Dual Port WDM Analyzer views for different iterations
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Running the simulation

To compare the results in the two different designs, Figure 3 and Figure 5, we can run
the same simulation for the system showed in Figure 5 and analyze the results:

» To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* In the calculation dialog box, press the Play button. The calculation should
perform without errors.
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Viewing the results

To see the results, double click the Dual Port WDM Analyzer. You can see the results
of each iteration by browsing in the Signal Index parameter.

Figure 7 shows the results in the WDM analyzer for the 6 iterations.

Figure 7 Dual Port WDM Analyzer views for different iterations
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1831 [17 523208 [ 343521 1531 |17 529208 | 343321 |
Frequency Frequency
1| | v| | Units: ITHz -] 4| | »| | Unie |[THz =
Analysis £ Defils / Pnalysis A Detils /

As we can see, the second design converges faster than the design with 'Initial Delay'.
The design from Figure 3 takes more iteration because of the 'Initial delay'.

Viewing the gain versus wavelength

We will build the graph gain as a function of the signal wavelength.

Starting using the layout from Figure 5:
Double-click on the CW Laser component. The component properties will appear.
See Figure 8 (a).
Change the unit of the Frequency parameter to nm.

Select the parameter that you want put in sweep mode. In this case the parameter
is Frequency. Change the mode of the Frequency parameter in the CW Laser

component from Normal to Sweep. See Figure 8 (b).
Select the Parameter Sweeps tab at the CW laser properties, or at the menu tool
bar, or at the Layout menu. See Figure 9.
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Figure 8 CW Laser properties (a) Frequency parameter in Normal and (b) Sweep mode

| Wl cw Laser Properties x|
Labl [C Laser Costs: | oo oK | Label. [0 Laser Costs: | oo oK |

[ Main |Pufaizaton | Simwiation | Neise | Random munbers | [E=

|potaization | Simdetion | Nise | Random rumbers |

Disp Hame Value Units Mode Evaluste Disp Hame Value Units Mode Evaluste
©_|Frequency 155252456115 nm Narmal St = | 155252433115]&%@ Sweep St
¥ |Power 0-8m Wormat F |Pawer  a8m Wormat

[ |Linewidtn 0= MMz Wormat [ |Linewidth 0= MMz Wormat

[ |iitial phase 0y Wormat [ |iitial phase 0y Wormat

Load... Load...
Save b Save b

Securiy Securiy

| Help | Help

Figure 9 Parameter Sweeps at (a) the menu tool bar and (b) at the Layout menu

JJ ILayout‘I j@ | Bl ISweepIteration‘I jdﬂ m@ i HJ,EE HJ & 2w a2 HJ@ =2

(a)
’m Tools Report  Script  Add-Ins  ‘Window  Help
Add Layout
Duplicate Layout
B Delete Layout

El Set Current Sweep Ikeration.. .

El Set Total Sweep Iterations. .. Chrl + Home
= Previous Sweep Iteration Chtl + Fage Up
B [exh Sweep [beration il + Page Down

Parameter Groups. ..

E Layout Size..,

[ Parameters. ..

Properties. ..
Bill of Materials. ..

(b)
»  After you click in the Parameter Sweeps tab, a window asking you to set the total
number of sweep iterations will appear.

DptiSystem 4.0 x|

@ Please set total sweep iterations greater than 1.

8] 4
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* Click on OK and the windows to enter the number of sweep iterations will appear.

B

Total Parameter Sweep Iterations
T atal iterations: _Ij aF.
Current iteration; 1 Cancel

* Choose the number of sweep iterations. In this case we select 20 sweeps. After

you click the OK button, the Parameter Sweeps tab will appear.

_inix

CW Laser | 1] I
Sweeps Frequency [nm]
1 156252438115 Cancel |
3 1552 52436115 Help |
3 155252436115
Fl 155252436115
5 1552 52436115 fssign
g 1552.52435115 Halues...
7 1552 52436115
8 155252436115
5 1552 52436195 [ opread Tacl
10 1552 52436115 Linesr... |
1 1562 52438115
12 1552 52436115 Eipe.
= 155252436115 Log.. |
14 155252436115
15 1552 52436115 Fommnla.. |
18 1552 52438115 | Gaussian, |
7 1552 52436115
Ta 1552 52436115 I-DQND'”“""-"l
19 155252436115 Uritorm. |
20 1552 52436115

[Mizcrete. . |

* Now we can enter the value of each sweep iteration, or we can select all the
sweeps and click in one of the buttons (Linear, Exp, Log, Formula, Gaussian, etc.)
to spread the values in a range. In our case we clicked in the Linear button. A new
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window will open to select the wavelength range in which the signal will be
distributed.

]

X

)
sy

Bl

CW Laser
Frequency [nm]

Cancel
Help

Azzign
Walues...

Parameter Iteration Spread

Start walue: 55252438115 Ok 4 —Spread Toolz—

1
2
3
4
5
5]
7
g

w

Limear...

=
o

J

el vl | 155252438115 Cancel

=
=

Exp...

=
ka2

Help

=
o
—
o

=]

=
e

Formula...

= =5
|

Gausgsian...

LogMormal...

=
w

Uriform...

k2
o

Dizcrete. .

T

*  We chose the range from 1530 nm to 1560 nm, and after we clicked on OK, the
values were distributed.
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i Paramekter Sweeps ;IQI il

CW Laser
SwWeeps Frequency [nm]

]
st

WL |8 Bl

Cancel

Help

Agzzign
Walues...

1
2
51
4
g
53
T
g

ow

Linear...

ry
=

E

=

D

jury ey
w2

Log

—
=

Farmnula...

= =
M|

Gauzzian..

—
-1

LoghMaormal...

—~ | =
[fn ) pyu]

Urifarm...

ko
[l

Dizcrete. ..

Running the simulation

« To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* Inthis case, we could select to simulate all sweep iterations, or choose a specific
iteration and select to calculate the current iteration. For this topic, we selected to
calculate all iterations. See Figure 10.

* Inthe calculation dialog box, press the Play button. The calculation should
perform without errors.
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Figure 10 Calculating all sweep iterations

Project1.osd

' Calculate the whols project Optimizations... | Schedulers... | [ 3 I
" Calculate all sweep iterations in active layout ™ Fun all optimizations ] |
" Calculate cument sweep iteration " Stop on warring

v Display Messages x |

Feady 000000

1 El cale. oulput 5 Optitnization I %Calc. schedulers I

Viewing the results
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To see the results, double click the Dual Port WDM Analyzer. You can see the results
of each iteration (global iteration) in one specific sweep iteration (wavelength) by
browsing in the Signal Index parameter.

In our case, we kept the Signal Index in the last (global) iteration (5), and we can
browse in the results for all (wavelengths) sweep iterations by clicking in the icons
"Next Sweep lteration" and "Previous Sweep lteration".

Figure 11 shows the results in the WDM analyzer for the sweep iteration number 20
and 19.
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Figure 11 Results for the sweep iteration (a) 20 and (b) 19
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L At
(b)

Building the graph Gain x Wavelength and Noise Figure x Wavelength

* The next step would be to visualize gain and noise figure for all wavelengths
simulated. Therefore, we need to build graphs with the results found in the
simulation.

*  For this task, we will use the Report page.
* Go to the Report tab and click on it. See Figure 12.
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Figure 12 View of the GUI with the system layout
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[CTRL] - Duplcate, [SHIFT] - Add to selection, [CTRL + SHIFT] Resize ayout

The report page will appear. After that, select the Opti2Dgraph (graph icon
highlighted) and open in the report page a 2D graph. See Figure 13.
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Figure 13 View of the report page

(o] optiSystem - [Project1.0sd]
8 File View Report Edit Insert Page Window Help

[ : Bz @ SR 5 BEe x| aadmE '\@k\%@
MName Walue
=[] Lapout 1 20

13 Global

¥ Cw Laser O Laser

Dual Port WDM dinal... ‘Dual PortWDM Analyzer
Erbium Doped Fiber  “Erbium Doped Fiber

= lsolator Bidirectional solator Bidiectional

= Isolator Bidirectional 1 ~solator Bidiectional
Optical Delay Optical Delay
Optical Delay_t Optical Delay
Optical Delay_2 Optical Delay

A Optical Mull Optical Null

2 Phatodetector PIN Phatodetectar PIN
"~ Pump Coupler Bidirec... ‘Pump Coupler Bidiectional
“# Pump Laser Pump Laser

»  After opening the 2D graph, go to the project browser window and open the
parameter folder of the component that has the information you want. In this case
we need the wavelength of the CW Laser, so we selected the Frequency
parameter. See Figure 14.
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Figure 14 View of the report page with the graph opened and the Frequency parameter selected

2 Fle Wiew Report Edit Insert Page Window Help

4
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* -The Frequency parameter was then dragged to the 2D graph and dropped at the

X-axis. See Figure 15.
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Figure 15 View of the report page with Frequency parameter being dropped at the graph
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After dropping the Frequency parameter, we have to get the next variable of the
graph. So go to the Dual Port WDM Analyzer and open the Results folder.

Choose one of the results that you want plot in your graph. In this case, we
choose the Gain parameter. Now, drag and drop it in the y-axis in the graph. See
Figure 16.
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Figure 16 View of the report page with the Gain result being dropped at the graph
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+ After that, the graph Gain x Wavelength is ready. See Figure 17(a). The same
procedure was used to build the graph NF x Wavelength.

Figure 17 Graphs (a) Gain x Wavelength and (b) NF x Wavelength
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Optimizing the Fiber length

In addition to using the sweep iterations to analyze the amplifier characteristics (such
as gain versus signal wavelength and gain versus doped fiber length), the user can
use the optimization tool to find the best parameters for the amplifier design.

In this example, we will use the optimization tool to find the best doped fiber length to
get the maximum signal gain.

* Load the same layout presented at Figure 5. Remember to return the Total
Number of Sweep lterations to 1 if you had changed it.

* Run the simulation. This step is necessary to setup the Dual Port WDM Analyzer
for the optimization.

Figure 18 Layout of the system to be optimized

Dual Port WO Analyzer
Lower frequencey limit = 185 THz
Upper frequency limit = 200 THz

Phetadetector PIM

|zolator Bidirectional _1

E FTI |
= VU ()]
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Frequency = 1630 nm Optical De'ﬂ"—@ - 1 Optical Delay_2
Power =0 dBm Delay = 1 Erbium DOoped Fiber  pejay = 1

Optical Delay_1
ki)

Purnp Coupler BidirectionDelay = 1 Length =5 m
Pump Lazer

Frequency = 950 nm

Power = 1000 mil Optical Hull

Viewing the results

After you run the system, double click in the Dual Port WDM Analyzer to see the
results.

To see the results in different iterations and set the Signal Index to the last iteration,
see Figure 19.

To guarantee the optimization will work correctly, you need to set the visualizer Signal
Index to the last iteration.
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Figure 19 Dual Port WDM Analyzer set with the results of the last iteration
k|

Warvelength (nm) Gain (dB) Moise Figure (dB) Ingut Signal (dBm) | Signal Index.l5
1530 17 414562 3.50025 -0 00460727

YWavelength————
’7 U mits: Inm 'I

Power

Uitz IdEm "I

‘| | >
JAnalysis ,‘( Details f

Setting up the Optimization

*  Go to the tools menu and click in Optimizations. See Figure 20.

Figure 20 Optimizations option at the Tools menu

0| OptiSystem - [Length_Optimization.osd]

2 Fle Edit Wiew Layout | Tools Report Script Add-Ins  window  Help

IEECEEE R <= =@

Calculation Schedulers. .. =

Search Engine. .. e

Libraty Management. ..

Cuskomize. ..

Qpkions. ..
T | JN N O T N Y NN U s N s Ay e oy Ay it P A S S I

*  The Optimizations window will appear.

* There are two options for the optimization: the Single Parameter Optimization
(SPO) and the Multiple Parameter Optimization (MPO). In our case, we want only
to optimize the Fiber length as a function of the gain, so we can select the SPO
and insert it on the project. For example, Figure 21 displays the calculation
window and the optimization tab.
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Figure 21 Optimizations tab during calculation

¢ Calculate the whale project Optimizations. .. | Schedulers... | [ 3 I
~ Calculate all sweep iterations in active layout ¥ Run all optimizations H |
' Calculate curent sweep iteration " Stop on warming
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Ready 00:01:04
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Erbiurn Doped Fiber-Length BB Dual Port WDM Analyzer-Gain 1 [dB)  17.4507

Erbium Doped Fiber-Lenath 14.043 Dwal Port WDM Analyzer-Gain 1 [dB)  16.0438

Erbium Doped Fiber-Length EE Dwal Port WDM Analyzer-Gain 1 [dB) 174507

Erbiurn Doped Fiber-Length 944296 Dual Port WDM Analyzer-Gain 1 [dB)  17.1962

Erbium Doped Fiber-Length 484296 Dwal Port WDk Analyzer-Gain 1 [dB)  17.3342

Erbiurn Doped Fiber-Length 7 B8R Dual Port WDM Analyzer-Gain 1 [dB)  17.3828

Erbium Doped Fiber-Lenath 592897 Dal Port WDM AnalyzerGain 1 [dB) 17462

Erbium Doped Fiber-Length 551409 Dal Port WDM Analyzer-Gain 1 [dB) 174544

Erbiurn Doped Fiber-Length 592087 Dual Port WDM Analyzer-Gain 1 [dB)  17.462

*  When we insert the SPO optimization, the SPO Setup window will open. See
Figure 22.

* In the Main tab, select the Optimization Type you want. In this case we selected
to maximize the result.

+  Setup the number of passes and the result tolerance.

Figure 22 SPO Setup window at the Main tab

SPO Setup x|
Optimization Mame: ISPD Optimization Geherate |

Main | Parameterl Hesulll
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Description: |Single-Farameter-Single-Fesult Optimization

Cancel |
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* Gotothe Parameter tab in the SPO Setup and select the parameter that you want
to optimize. In this case, Length at the Erbium-doped fiber component. See
Figure 23.

»  After you select the parameter, specify the range of values you want to analyze.
Be careful in choosing these values, they have to match the unit chosen in the
Component parameter. For this case there is only one unit, meter. But in some
cases, such as for power, the unit could be W, mW or dBm.

Figure 23 SPO Setup window at the Parameter tab
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- . — Parameter
(__T-j Erbium [oped Fiber = | | Besrameter™ | COMPOMTER————_
— [azs data type 'ﬂl Length Erbiurn Doped Fiber
- Background loss file name
- Backscattering capture fraction

- Calculate graphs

-+ Caleulation algarithm
- Corvert noise bing
o Core radius ke
- Cross-section file name

-~ Cross-section Temperature
- EDF&_Design format

Minimum: |2

- Enable reflections (
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- Fr retastahls lifekime: T
1] | B
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* Inthe Result tab, select the result in the Dual Port WDM Analyzer that you want
to maximize (Gain). See Figure 24.

* Because we want to maximize the gain, the Target value will not be enabled.
+ Click on ok in the SPO Setup.

« To run the simulation you can go to the File menu and select Calculate. See
Figure 25.

» Before you press the Play button, click in the box to run all optimizations. Then,
press the Play button.
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Figure 24 SPO Setup window at the Result tab
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Figure 25 Calculate window

Length_Optimization.osd

' Calculate the whole project Optimizations.. Schedulers... E
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During the calculation, the parameters and results of each pass will appear in the
Optimization Tab. See Figure 26(a).

In the calculation output tab will appear the optimum fiber length where we got the
maximum gain for the signal at 1530 nm.
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4

132

Figure 26 (a) Optimization tab and (b) Calc. Output tab
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Lesson 8: Optical Systems — Working with
multimode components

The multimode component library of OptiSystem allows for simulation of links with
multimode signals.

The projects presented here are available under OptiSystem installation folder
Samples/Multimode.

The first part of this tutorial will describe the library of spatial optical sources and
transmitters. These components have the ability to include transverse mode profiles
in the optical signals.

There are two categories of components in the library:
» spatial optical sources/transmitters

+ transverse mode generators

The spatial transmitters are “ready-to-use” components that encapsulate an optical
source or transmitter and a transverse mode generator.

Table 1 Spatial optical sources, transmitters and pulse generators

Component name

Spatial CW Laser

Folder

Transmitters Library/Optical Sources/

Icon

Spatial Laser Rate Equations

Transmitters Library/Optical Sources/

Spatial LED

Transmitters Library/Optical Sources/

Spatial Optical Gaussian Pulse
Generator

Transmitters Library/Pulse
Generators/Optical/

Spatial Optical Impulse
Generator

Transmitters Library/Pulse
Generators/Optical/
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Component name Folder Icon
Spatial Optical Sech Pulse Transmitters Library/Pulse

Generator Generators/Optical/ ﬂo
Spatial Optical Transmitter Transmitters Library/Optical -
Transmitters/ ¥
Tox &N
Spatial VCSEL Transmitters Library/Optical Sources/ e
A
£ A
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The second category is the transverse mode generators. These components allow for
adding a transverse mode profile in the optical signal.

Table 2 Transverse mode generators

Component name Folder Icon
Multimode Generator Transmitters Library/Multimode/

=+:z55

L C,

Laguerre Transverse Mode Transmitters Library/Multimode/
Generator D)
Hermite Transverse Mode Transmitters Library/Multimode/
Generator a0
Donut Transverse Mode Transmitters Library/Multimode/
Generator O
Measured Transverse Mode Transmitters Library/Multimode/
Generator %

This means you can directly use one of the components from Table 1 or you can
combine any optical source, transmitter of pulse generators with one of the transverse
mode generators from Table 2 and build a new subsystem.

The second part of the tutorial presents the passive components that allow for
translation and rotation of the optical field, as well as focusing an optical beam or
applying an aperture in order to limit the optical beam.

Finally, a description of the receiver and photodetector components is presented.
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Multimode Transmitters

Global parameters
The first step when using OptiSystem is setting the global parameters.

As we already know, one of the main parameters is the time window, which is
calculated from the bit rate and sequence length.

For multimode simulations, there are additional parameters that will define the space
window for the transverse mode profiles. These parameters are the Space width X
and Y and the Grid spacing X and Y, and are available in the global parameters
window (Figure 1).

Figure 1 Global parameters: Spatial effects tab

Layout 1 Parameters ﬂ
Cancel |
Simulation l Signals Moize | Signal tracing I
Hame Value Units Mode

Space width X 50:0m MNormal

Space width ¥ 50:0m MNormal
Grid spacing X 0.5 um Mormal Add Pararn... |

Grid spacing ¥ Q.5 um MNormal
Eemove Far |
Edit Param... |

=

LI Help |

For this tutorial we will use the default parameters, except for the bit rate, that should
be changed to 10 GB/s

* In the global parameters dialog box, change the parameter Bit rate to 10e9. The
Time window parameter should be 1.28e-8 s (Figure 2).
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Figure 2 Global parameters: Simulation parameters tab

Layout 1 Parameters

X
x|
Cancel |

Label: ILayout‘I ()8
Simulation ISignaIs l Spatial effects l Moize l Signal tracing I
Hame Value Units Mode

Sil i ind: Set bit rate Normal

Reference bit rate ird Normal

Bit rate Bits's Novemal Add Param... |
Time window 1.28e-0088 s Normal

Sample rate Hz Narmal Figmove Par |
Sequence length 32 Bits Normal —I

Edit P
Samples per bit 32 Normal LeEn
Humber of samples 1024 MNormal
=

LI Help |
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System setup

After setting the global parameters, we can start adding the components to design the
basic multimode transmitter.
From the component library drag and drop the following component in to the layout:

*  From "Default/Transmitters Library/Optical Sources", drag and drop the "CW
Laser" into the layout.

*  From "Default/Transmitters Library/Multimode", drag and drop the "Multimode
Generator" component into the layout.

» From "Default/Visualizers Library/Optical", drag and drop the "Spatial Visualizer"
into the layout.

The next step is to connect the components according to Figure 3.

Figure 3 Multimode transmitter

%*% = = += B 1
L 1

Chil¥ Laser huttimode Generator

Frequency = 1921 THz Power ratio Zmay = 1
Fower =0 dBm

.............. .p_

Spatial “sualizer

Spatial effects tab
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The spatial effects tab is available for all the spatial optical sources, transmitters and
pulse generators, as well as for the transverse mode generator components.

One of the main parameters of the spatial effects tab is the Power ratio array. This
array is a string list with the power ratios for each mode.

For example, entering a list of 4 values will allow the user to also specify the properties
of a particular mode type for each of these values.
*  Open the parameters of the “Multimode Generator” component.

* In the spatial effects tab, for the Power ratio array parameter, enter the following
values: 12 3 4.

Notice that the parameter Pol. X m,n index array will automatically increase the
number of values for the LP index pairs for the generated modes (Figure 4).



Figure 4 Multimode Generator - changing the number of power ratios
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Multimode Generator Propetties x|
Label: IMuItimode Generator Cost$: I 0.00
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Mode type Laguerre- geuss:en MNormal

Mode polarization

X =

Novmal

Pol. X LP index array

00,00,00,00

Novmal

Pol. X spot size

Ll

e
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Hum
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Normal
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Pol. ¥ spot size

wn

e

Normal

Pol. ¥ inv. radius of curvatu

Hum

Normal

Load...

Save Az

Security...

dild

LI Help |

* In the spatial effects tab, for the Pol. X m,n index array parameter, enter the

following values: 00,2 2,0 3, 1 3.

This means the multimode generator will generate 4 spatial modes per polarization.

The power ratio per mode will be 0.1, 0.2, 0.3 and 0.4. The total is equal to 1 (100%
of the input power).

Each mode will have its own Laguerre-Gaussian profiles, with LP indexes LG, LGo,,
LGg3, LG13. Both polarizations will have the same spatial modes (Mode polarization
parameter is equal to X=Y).
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Running the simulation

We can run this simulation and analyze the results:

To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select

Calculate, the calculation dialog box should appear.
In the calculation dialog box, press the Play button. The calculation should
perform without errors.

Viewing the results

Figure 5 Spatial visualizer can display the Individual, Sum and Weightened sum of modes

In order to see the results, double click the Spatial visualizer.

Using the spatial visualizer, you can see the profile of each mode presented at the
visualizer input port. The user can select the polarization (X or Y), the format (Polar
or Rectangular) and the graph (Power, Phase, Real or Imaginary part).

Additionally, the sum of the modes can be displayed, as well as the weightened sum
(Figure 5).

Observe that the spatial dimensions of the graphs are the same as defined by the
global parameters Space width X and Y.
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In order to browse through the modes that are available at the input port, change the
mode number parameter and press <Enter>. The visualizer will recalculate the
graphs and present the individual mode at the parameter mode index.
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Figure 6 presents the real values using rectangular format for each available mode at

the

input port.

Figure 6 Spatial visualizer displays the real part of the individual modes for each mode index
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The combination of the CW Laser and the Multimode Generator component can be
replaced by the Spatial CW Laser component:

From "Default/Transmitters Library/Optical Sources", drag and drop the "Spatial

CW Laser" into the layout.

In the Spatial CW Laser parameters, use the same parameter values of the spatial
effects tab from the Multimode Generator

The next step is to connect the components according to the Figure 7.

You can remove the multimode generator and connect the spatial visualizer to the
Spatial CW Laser.

Run the simulation again.
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Figure 7 Multimode transmitter using a Spatial CW Laser

L
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n
___________________________ =

%*SE' Spatial “dsualizer

Spatial CW Laser
Frequency = 350 nm
Pawer =0 dBm

Power ratio amay = 12 3 4

This system, built using a component from Table 1, is equivalent to the one in Figure
3, which was built using the components from Table 2.

The results from the spatial visualizer will be the same as presented in Figure 5 and
Figure 6.

Multimode components and Free-Space Propagation

When coupling a signal from a laser into a multimode fiber, or from the fiber into a
photodetector, we can use the components from Table 3.

Table 3 Spatial passive components: connector, aperture and lens

Component name Folder Icon
Spatial Connector Passives Library/Optical/Connectors/ =

9
Spatial Aperture Passives Library/Optical/Multimode/
Thin Lens Passives Library/Optical/Multimode/ @
Vortex Lens Passives Library/Optical/Multimode/ 7

s
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Spatial connector: translating the optical field

One of the main components is the spatial connector. This components can rotate and
translate the optical field, as well as propagate the optical signal in free-space.

*  From "Default/Passives Library/Optical/Connectors", drag and drop the "Spatial
Connector" into the layout.

* For the Spatial Connector, change the parameters X and Y shiftto 5 um .
* Add another Spatial Visualize to the layout.

»  Connect the components according to Figure 8.

*  Run the simulation.

Figure 8 Multimode transmitter and spatial connector

P seessnsensssedt e

O i ' Spatial “W=zualizer_1
Spatial CUI Laser [ =7
Frequency = 850 nm '_"L'(j:')
Power =0 dBm :
Pawer ratio amay =123 4 Spatial Connector

Insertion loss =0 dB
Distance =0 um
Rotation = 0 deg
K=zhift=5 um

Y =hift =5 um

Ktk =0 deq

it =0 deg

Viewing the results

In order to see the results, double click in the second spatial visualizers and compare
the graphs before and after the connector.

The connector applied a spatial shift in both X and Y-axis (Figure 9).
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Figure 9 Spatial visualizer displays the transverse mode before and after the connector
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In order to see the effects of free-space propagation in the optical field, we can
increase the connector parameter Distance:

» For the Spatial Connector, change the parameter Distance to 200 pm .
»  For the Spatial Visualizers, change the parameters Format to Polar.

¢ Run the simulation.

Figure 10 compares the transverse mode intensity before and after applying 200 pm
of propagation in free-space, you can see that the second beam is larger.

Figure 10 Spatial visualizer displays the transverse mode intensity after a shift of 5 L7771 in both X and Y
directions, before and after 200 L7221 propagation in free-space
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Spatial connector: rotating the optical field

Besides the translation the optical field and the propagation in free-space, the user
can rotate the optical field by applying a tilt in the X and Y-axis, or a rotation about the

Viewing the results

Z-axis.
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» For the Spatial Connector, change the parameters X'and Y shiftto 0 pm , and the
Distance to 100 pum .

»  For the Spatial Connector, change the parameters X and Y {ilf to 5 deg.

¢ Run the simulation.

In order to see the results, double click in the both spatial visualizers and compare the
graphs before and after the connector.

The connector applied a spatial tilt in both X and Y-axis, visible after the free-space
propagation (Figure 10).

Figure 11 Spatial visualizer displays the transverse mode before and after the 5 deg tilt and 100 i/
propagation

Spatial Visualizer

|

[ Signals

B 3DGraph

2 ]

Pl
' Mode f Sum b Vieghzned f

Lk

Signal Index0

Auto Set
Polarizatiors [X =]
Fomat. [Fo =]
Graph:  [Pawer ¥
Moderumber[0

[~ Calculate 5um

[~ Calculate ‘Weightened

Spatial Visualizer

I Signals

=] 3DGraph

o
2 [m]

200 m |

Signal Inder] =

B

il
' Mode /| Sum }\ Weigmenea f

Auto Set
Polarization: | >

Format  |Polar =
Graph:  |Power ¥
Mode number: [0

[~ Calculate 5um

[~ Calculate ‘Weightened

145 ( ‘,




LESSON 8: OPTICAL SYSTEMS — WORKING WITH MULTIMODE COMPONENTS

Thin Lens: focusing the optical beam

By using the thin lens component the user can focus or defocus the optical beam.

*  From "Default/Passives Library/Optical/Multimode", drag and drop the "Thin
Lens" component into the layout.

* Add another “Spatial Connector” and “Spatial Visualizer' to the layout.
* For the “Spatial CW Laser”, set the parameter Pol. X spot size to 15 pm .

»  For the first spatial connector, set the shift and tilt parameters to 0, and the
parameter Distance to 10 pum

»  For the second spatial connector, set the shift and tilt parameters to 0, and the
parameter Distance to 65 [Lm .

* For the thin lens, the parameter Focal length to 0.1 mm.
»  Connect the components according to Figure 12.
*  Run the simulation.

Figure 12 Using the thin lens component to focus the optical beam
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Viewing the results

In order to see the results, double click in the spatial visualizers and compare the
graphs before and after the second connector. The large beam after the first
connector is reduced by the combination of thin lens and free-space propagation.

Figure 13 presents the optical field at the output of the first connector and at the output
of the second connector.
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Figure 13 Spatial visualizer displays the transverse mode before and after focusing the beam using the thin
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Spatial Aperture: limiting the optical field

By using the spatial aperture component the user can reduce the optical field by
filtering the optical power that falls outside the aperture area.

»  From "Default/Passives Library/Optical/Multimode", drag and drop the "Spatial
Aperture" into the layout.

* Remove the thin lens and the second connector from the layout.
»  Connect the components according to Figure 14.
*  Run the simulation.

Figure 14 Using the spatial aperture component to limit the optical beam
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Viewing the results
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Figure 15 Spatial visualizer displays the transverse mode before and after the spatial aperture component

In order to see the results, double click in the spatial visualizers and compare the
graphs before and after the spatial aperture.

The output beam is limited to the aperture diameter of 10 um (Figure 15).

You can use the spatial aperture to simulate component misalignments, e.g.
fiber/detector power coupling.
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The user can also select a rectangular square type for the spatial aperture:
»  For the spatial aperture, set the parameter Aperture type to “Square”.
*  Run the simulation.

Observe that the optical beam will have a square shape after the spatial aperture
(Figure 16).

Figure 16 Spatial visualizer displays the transverse mode after the square spatial aperture component
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Multimode Receivers

Similar to the multimode transmitter, where the use can select a ready-to-use spatial
component from the library, or build new spatial components by combining the spatial
and no-spatial components, OptiSystem has also different multimode receiver
components (Table 4). These components are a combination of the spatial aperture
component and the optical receivers or photodetectors.

Table 4 Spatial receivers and photodetectors

Component name Folder Icon
Spatial Optical Receiver Receivers Library/Optical Receivers/
%
R &
Spatial PIN Photodetector Receivers Library/Photodetectors/

Spatial APD Photodetector Receivers Library/Photodetectors/ *
L,

The main parameter of the spatial receivers or photodetectors is related to the
detector active are, defined by the parameter Width.

System setup
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Using the same previous global parameters, we can start adding the components to
design the basic multimode link. From the component library drag and drop the
following component in to the layout:

*  From "Default/Transmitters Library/Optical Transmitters", drag and drop the
"Spatial Optical Transmitter" into the layout.

*  For the Transmitter, change the parameter Pol. X. spot size (Spatial effects tab)
to 15 um.

* From "Default/Receivers Library/Optical Receivers", drag and drop the "Spatial
Optical Receiver" component into the layout.

* For the Receiver, change the parameter Thermal noise (Noise tab) to 5e-22
W/Hz. This will give a receiver sensitivity of ~-17 dBm (10 GB/s, Q = 6).

*  From "Default/Visualizers Library/Electrical", drag and drop the "BER Analyzer"
into the layout.

*  From "Default/Visualizers Library/Optical", drag and drop two of the "Optical Time
Domain Visualizer" into the layout.

+ Set all the parameters of the spatial connector to 0.

Using the connector and visualizer from the previous layout, the next step is to
connect the components according to the Figure 17.




Figure 17
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A multimode link using the spatial transmitter and receiver
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Run the simulation and after the simulation is finished observer the results from the
BER Analyzer.

Viewing the results

The link of Figure 17 is almost ideal, because we do not have any major losses or
misalignments between the transmitter and receiver. The spatial connector is ideal
and there is only a small loss due to the difference between the input signal spot size
and active area of the photodetector (10 pm and the mode spot size of 15 um).

Figure 18 presents the eye diagram for the system of Figure 17, observe the back-to-
back value of the Q factor.
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Figure 18 BER Analyzer displaying the eye diagram of the ideal link
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In order to visualize the effects of misalignment between the transmitter and receiver,
we will apply a longitudinal shift in the optical field using the spatial connector
component.

Using OptiSystem parameter sweep feature, we will apply a spatial shift from 0 to 20
um in the optical signal.

»  For the Spatial connector, change the mode of the parameter X shift to Sweep.
»  Set the total number of sweep iterations to 10.

* Inthe parameter sweep dialog box, use a linear spread for the parameter X shift
from O pum to 20 um (Figure 19).
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Figure 19 Using parameter sweep for the connector parameter X shift from 0 to 20 Lim
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¢  Run the simulation

The simulation will run 10 times, one for each value of the X shift parameter. At the
end of the calculation, we can browse the results selecting the current sweep iteration,
or we can visualize the results of Q-Factor versus X shift using the report page.

»  Select the report page.

« Drag and drop a 2D graph into the report.

»  From the Project Browser, select the Spatial Connector and drag and drop the
parameter X shift into the X-axis of the graph.

*  From the Project Browser, select the BER Analyzer and drag and drop the result

Max. Q Factor into the Y-axis of the graph (Figure 20).
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Figure 20 Combining parameters and results after using report page
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As you can see in the Figure 20, the value of Q is decreasing. This is because the
optical field is being shifted outside of the photodetector active area, centered at (0,0)
with a width of 10 pum . We can achieve similar results by changing the active area
width additionally to the shifting of the field.

For the Spatial connector, change the mode of the parameter X shift to Normal,
and set the value to 0.

For the Spatial receiver, change the mode of the parameter Width to Sweep.

In the parameter sweep dialog box, use a linear spread for the parameter Width
from10to 1 um.

Run the simulation

From the Project Browser, select the Spatial Optical Receiver and drag and drop
the parameter Width into the X-axis of the report page 2D graph.

The result is presented in Figure 21, where we can see the increase of the Q-Factor
with the increase of the active area of the photodetector.
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Figure 21 The value of Q-Factor versus photodetector active area width
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Multimode Fibers and Links
»  There are two multimode fibers available in the component library that take in to
account the spatial properties. They are components that take in to account the
power coupling and propagation of the multiple fiber modes.
* The first model is a general-purpose multimode fiber, with user-defined refractive
index profile, and a numerical mode solver. The second model is a graded-index
fiber with parabolic index, which uses an analytical mode solver.

Table 6 Multimode fibers

Component name Folder Icon
Measured-Index Multimode Fiber | Optical Fibers Library/Multimode/ e
[
Parabolic-Index Multimode Fiber | Measured-Index Multimode Fiber
[

System setup

Following the same steps to generate the layout of Figure 17, we can add the fiber
component to design the basic multimode link:

*  From "Default/Optical Fibers/Multimode", drag and drop the "Parabolic-Index
Multimode Fiber" into the layout.
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Add additional visualizers to the layout and connect the system according to the
Figure 22.

Figure 22 A link using the multimode fiber

P i - e I e e ] .
¥l o . ()RR - =S -t
T< & e o R QfF--------- - - +]
Spatial Opticial Transmitter Spatial Conmector Farabalic- Index hiuttimode Fiber Spatial Optical Receiver BER fralyzer
Frequency =250 nm

Power = 0 dBm

Bit rate = Bitjrate Bits/s
i dulation thpe = NRZ
Power ratio amay = 1

Insertion loss = 0 dB Length = 1 4m Witidth = 10 um
Distance = 01 um T

Rotation = 0 deg

¥shitt=0 dm

W shift =0 um

it =0 deg

Wit =0 deg

Cutoff frequency = 0.75 ™ Bit rmte Hz

: -@ : e
E A . H F Spatial “Asualizer_2

Spatial “zualizer_1

Spatial “zualizer

________ Jmy o m RN
Optical Time Domain “dsualizer_2
Optical Time Domain “sualizer Optical Time Domain ‘Jzualizer_1
Calculating Fiber Properties

(‘, 156

The main parameter of the Parabolic-Index multimode fiber is the Core radius. For this
link we are using a 50 pum fiber.

In order to evaluate the fiber properties, such as effective index, group delay and the

number of modes, we can calculate fiber properties before running the simulation:

* For the Fiber, enable the parameter Calculate graphs (Graphs tab).

We can also calculate the spatial profile graphs for individual modes, and the

overfilled mode profile:

» For the Fiber, enable the parameter Spatial profile graphs and Spatial overfilled
graph (Graphs tab).

* Press OK.

After pressing OK, the modes will be calculated and the mode number, radial and
spatial graphs will be internally calculated.
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Viewing the fiber properties

In order to see the graphs from the multimode fiber, we should use the Project

Browser (Figure 23).

Figure 23 Multimode fiber graphs from the Project Browser
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By double-clicking on the graph name, we can see the graphs for the different fiber

properties.

For example, Figure 24 presents the Refractive index profile graph.

Figure 25 presents the mode number graphs, e.g. LP(m,n) indexes m and n, Effective

index and Group delays.
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Figure 24 Refractive index profile for the parabolic index fiber
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Figure 25 Mode index graphs for the parabolic index fiber
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The remaining spatial and radial graph for the individual mode is presented in Figure

26.

The spatial overfilled graph is presented in Figure 27.
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Figure 26 Individual mode intensity radial and spatial profile graphs
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Figure 27 Spatial overfilled graph
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The fiber graphs will be calculated every time you press OK in the component dialog
box and after the link calculation. In order to save calculation time, we will disable the

spatial graphs calculation.

* For the Fiber, disable the parameter Spatial profile graphs and Spatial overfilled
graph (Graphs tab).

*  Press OK.
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The next step is to calculate the multimode link:
* Run the simulation

« During the calculation, in the calculation dialog box select the 'Calc. schedulers'
tab.

Observe the calculation progress of the multimode fiber (Figure 28). This is important
to estimate the time that simulation will take when calculating multimode links.

Figure 28 Calculation progress for the multimode fiber
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Viewing the results

We can use the visualizer to display the simulation results. The first results that we
will look at are the spatial profile of the modes at the fiber output.

In order to browse through the modes available at the fiber output port, change the
mode number parameter of the third spatial visualizer and press <Enter>. The
visualizer will recalculate the graphs and present the individual mode at the parameter
mode index.

Figure 29 presents the real values using rectangular format for some of the modes:
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L

Figure 29 Spatial visualizer at the fiber output displaying mode index 0, 5, 12 and 15
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We can also visualize the coupling coefficients and the modal delay at the fiber output

for each input signal wavelength and spatial mode by using the multimode fiber
calculation report (Figure 30):

162

For the Fiber, click on the Report parameter (Numerical tab).




LESSON 8: OPTICAL SYSTEMS — WORKING WITH MULTIMODE COMPONENTS

Figure 30 Calculation report from multimode fiber

Parabolic-Index Multimode Fib x|

Label: IParaboIic-Index tultimode Fiber Cost$: I n.an ak. |
) Cancel |
kain ] Fiber Profile Chromatic Dizpersion Numerical lGraphs l Simulation I

Disp Hame Value Units Mode Evgluale
[T [relative delay Ird Normal Seiipt
[ |Const. mode power dist. - Normal
[T [LP{m,n) max. 20, 10 Normal
[T [Min. signal power =100 fBm MNormal
[T |Generate overfilled launch - Normal
[T |Generate report Ird Normal
[ |report Muitimode fiber ca.l’cu.l’ef.l’@ MNarmal

String Editor

Xl
Multimade fiber calculation repaort - 0k, I
C |

Wavelength = 850 nm ﬁl

_ e |
Sourcel

Load... |

Pal. ¥ = Laguere-Gaussian [0,0]
Paol v = Save bz |
Pal. Fiber mode coupling coff. delay [g]
=t Fiber LP [0.1] 045517303 47172641 26=-008
-t Fiber LP [0.2] 02433339034 4. 717269671 =-008
bt Fiber LP [0.3] 01355053183 4.717280795:-006
H, Fiber LP [0.4] 007391671503 4.717297535=-006
= Fiber LP [0.5] 00403302005 4717 319928=-006
=t Fiber LP [0.6] 002199323702 4717348001 1=-008
-t Fiber LP [0.7] 001199385787 4.717381821=-008
bt Fiber LP [0.9] 000648573409  4.717421395=-006
H, Fiber LP [0.9] 0003477027791 471746677 3=-006
= Fiber LP [1.1] 3219576322020 4.717 26620 3=-006
=t Fiber LP [1.2] 2077098698017 4.717274533=-008
4] |

The graph with the coupling coefficients and group delay is also available from the
project browser.

Finally you can visualize the graphs from the BER Analyzer (Figure 31).
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Figure 31 BER Analyzer at the receiver output

|
[E BER Analyzer Signal Index:IU 3

Dbl Click On Objects to open properties. Move Objects with Mouse Drag Auto Set |
Time (bit period)
s

I Signal

¥ Show Eye Diagram

Analysis I

Max. @ Factor 35.8629
Min. BER 5.77791e-282
Eye Height 0.000212958
Threshold 0.000139883
Decision Inst. 0.6059375

30
|

200 p

[ Inwert Colors
[T Color Grade
= Patterms

Calculate Patterns

Patierns

Amplitude (a.u.)

Pattern 1
Pattern 2
Pattern 3
Pattern 4
Pattern 5

100 p

Q Factor £ Mn BER. }, i neign  BER Pamem f

The same steps can be applied to second multimode fiber model, the Measured-
Index Multimode Fiber.

Because the index is measured, the user should provide the refractive index profile
with the proper format instead of simply changing the core radius of the parabolic
index fiber.
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Optical transmitters

This section begins with an introduction to optical transmitter components.

*  Optical transmitters

Following the introduction, the section contains the following advanced and illustrative simulation
projects.

* LED modulation response

*  Semiconductor laser modulation response

»  Semiconductor laser—Large signal modulation

*  Chirp in Mach-Zehnder Lithium Niobate modulators

+ LED spectral distribution

+  Semiconductor laser L-I curve

* Laser noise and linewidth

* Vertical-Cavity Surface-Emitting Laser - VCSEL Validation
* Using the Laser Measured Component
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OPTICAL TRANSMITTERS

Optical transmitters

The role of the optical transmitter is to:
. convert the electrical signal into optical form, and
» launch the resulting optical signal into the optical fiber.

The optical transmitter consists of the following components:
»  optical source
* electrical pulse generator
»  optical modulator (see Figure 1).
The launched power is an important design parameter, as indicates how much fiber loss can

be tolerated. It is often expressed in units of dBm with 1 m\W as the reference level (see Figure
2).

Figure 1 Transmitter components
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4

Figure 2 Laser Power Units
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LED modulation response

The frequency response of an LED is determined by the carrier dynamics (and
therefore is limited by the carrier lifetime 1, ) and the parasitic capacitance of the LED
(described by the RC constant 1, ~[2].

If a small, constant forward bias is applied, the influence of the parasitic capacitance
of the LED can be neglected. The LED 3-dB modulation optical bandwidth is defined
as the modulation frequency at the LED power transfer function is reduced by 3 dB

[1]. The LED 3-dB modulation optical bandwidth could be expressed as:

Srag = ﬁ/2n/(rn+rRCn).

We would like to demonstrate the modulation response properties of the LED. The
project is depicted in Figure 1.

Figure 1 Project layout
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The default values of the carrier lifetime T, and the RC constant 1, are 1 ns and
1 ns, respectively. Therefore, the f3dB is approximately 140 MHz.

Discussion of the numerical parameters: for example, bit rate is 300 Mb/s and
sequence length 128 bits, therefore, the time window is about 430 ns. Samples per
bit are 256, therefore, the sample rate is 76 GHz. The default resolution therefore is
about 2 MHz.
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Let us first keep the carrier lifetime T, and the RC constant 1, -, which means f5 ;5
is about 140 MHz, and analyze the closure of the eye diagram as a measure for the
performance of the system. The results for 100Mb/s and 300Mb/s transmission are
shown in Figure 2.

Figure 2 System performance with increased bit rate
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Clearly the performance of the digital system is considerably worsened by increasing
the bit rate above the LED 3-dB modulation optical bandwidth.

The influence of the modulation response of the LED can be studied also by keeping
the bit rate, for example 300 Mb/s, and reducing the carrier lifetime t, and the RC
constant T, -, therefore increasing f5 ;5. Let us assume t, = T4~ = 0.5ns,
therefore f5 ;5 will be about 280MHz.

A large improvement in the system performance at 300 Mb/s compared to the latest
figure should be seen. This is illustrated in Figure 3.
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Figure 3 Improved system performance at 300Mb/s
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Semiconductor laser modulation response

When using a directly modulated laser for high-speed transmission systems, the
modulation frequency can be no larger than the frequency of the relaxation
oscillations. The relaxation oscillation depends on both carrier lifetime and photon
lifetime. The approximate expression of this dependence is given by:

NI

1 1 (I )
- (L )
fres o 1 ]th

2
(Tsprph)

The relaxation oscillation frequency increases with the laser bias current.

In this lesson, we will demonstrate the performance of the high speed system while
using the modulation frequency and increasing resonance frequency (through the
improvement in the system performance) with the laser bias current. The project is
depicted in Figure 1.

Figure 1 Project layout
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For the default parameters of our laser rate equation model /,;, = 33.45mA,

T.. = lns,

sp oh = 3ps, and if we assume modulation peak current I = 40mA ,
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and IB = 40mA , the corresponding resonance frequency in accordance with the
above equation will be about 1.3 GHz.

Discussion of the numerical parameters: bit rate is 1.3 Gb/s and sequence length
128 bits, therefore, the time window is about 98.5 ns. Samples per bit are 512,
therefore, the sample rate is 670 GHz. The default resolution therefore is 10 MHz.

In Figure 2 and Figure 3, the influence of the increased modulation frequency above
the resonance one on system performance will be demonstrated. In Figure 2,

1.3 Gb/s (10Gb/s) transmission is studied. The parameters of the laser rate equations
are the default ones (/ = I = 40mA) as previously described.

Figure 2 Increase in modulation frequency above resonance
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Clearly, modulation with the frequency well above the resonance one leads to
unacceptable system performance.

In Figure 3, the influence of the bias current on the resonance frequency, and
therefore on system performance, for a fixed bit rate will be demonstrated. We use
1.3 Gb/s transmission, keep all other parameters the same, and use IB = 20mA.
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Figure 3 Reduction of bias current
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If you compare Figure 3 with Figure 2 (with 1.3 Gb/s transmissionand /, = 40mA),
it is clearly demonstrated that the reduction of the bias current below its threshold
value leads to a decrease in system performance.

In this lesson we have shown the dependence of the performance of the high speed
system on the modulation frequency and the laser bias current.
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Semiconductor laser—Large signal modulation

The large-signal characteristics are related to the digital on/off switching of the laser
diode. First, we will demonstrate the delay time required to achieve the population
inversion to produce the gain. Second, we will demonstrate the typical for the direct
modulation of semiconductor laser amplitude and phase modulations.

For the laser which is completely turned off, the carrier lifetime will limit the modulation
rate. For a current pulse [p, a period of time 7, given by:

1 Ip M
R
L+1z—1,

is needed to achieve the population inversion to produce a gain. IB and Ith are the
bias and threshold currents, and T the average lifetime of the carriers. From this
formula could be inferred that the time delay can be eliminated by biasing the diode
at the lasing threshold current.

We will demonstrate this dependence in Figure 1.

Figure 1 Project layout
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Discussion of the numerical parameters: bit rate is 1 Gb/s and sequence length 8 bits,
therefore, the time window is 8 ns. Samples per bit are 512, therefore, the sample rate
is about 500 GHz. The default resolution therefore is about 120 MHz.

In Figure 2, the initial electrical pulse is shown.
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Figure 2 Initial electrical pulse
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while in the next two figures are shown generated optical pulses with modulation peak
power current I = 50mA . In the graph on the left of Figure 3, I, = 10mA , which
is below the default value of /,;, = 33.46mA , and in the graph on the right,

Ip = 1, = 10mA .Inthe case I = 10mA, t,; according to the above formula

will be about 0.6 ns, when we have taken T = Tep-
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Figure 3 Generated optical pulses
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When we compare the generated optical pulse from the graph on the left with the
electric pulse, we can see the time delay in the appearance of the optical pulse ¢,
which is approximately 0.6 ns. If we compare the generated optical pulse from the
graph on the right with the electric pulse, we see the time delay ¢ is about 0. In both
cases good agreement with the predictions of the previously discussed formula can
be seen.

Another basic property of the directly modulated lasers is the amplitude and phase
modulation of generated optical pulses. The characteristic amplitude modulation is
well demonstrated in Figure 4. Pulses with a phase modulation are also described as
chirped. In what follows, we will demonstrate both the amplitude and the phase
modulations. Two kinds of chirps are distinguished: adiabatic and transient.

The adiabatic chirp can be observed when the "off" state level is nonzero and it is
dominant at low frequencies.

For the case of 1 Gb/s (modulation peak power current I = 50mA), we will
demonstrate the appearance of the adiabatic chirp as a function from the IB . In the
next two figures, we will see the amplitude and phase modulation (chirps) for the case
of Iz = 30 and 40mA , respectively.
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Figure 4 Adiabatic chirp
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It is clear to see the nonzero off state in the second case and correspondingly, the
appearance of the adiabatic chirp.

With Figure 5, we will demonstrate the disappearance of the adiabatic chirp for larger
frequencies, - 5 Gb/s transmission, keeping all other parameters the same.

Figure 5 Adiabatic chirp disappearance
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Obviously very different amplitude and phase modulations can be seen. The adiabatic
chirp disappears.
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The transient chirp is associated with the time rate of change of the optical power. The
rate of the change is greatest at the leading edge of the pulse when the bias current
is below the threshold current.

In the next two figures the amplitude fluctuations and the corresponding transient
chirps will be compared for the case of 1 Cb/s transmission with
Iz = 20 and 40mA . In the first case, much greater transient chirp is expected.

Figure 6 Transient adiabatic chirp
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Qualitatively different behavior of both amplitude and phase modulations can be
seen. Note the much larger transient chirp in the first figure.

The large-signal characteristics of directly modulated semiconductor lasers were
demonstrated. The delay time required to achieve the population inversion to produce
the gain and typical amplitude and phase modulations were shown.
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CHIRP IN MACH-ZEHNDER LITHIUM NIOBATE MODULATORS

Chirp in Mach-Zehnder Lithium Niobate
modulators

The objective of this lesson is to demonstrate the relation between the voltage applied
to the modulator arms and the chirp in the output for MZ Lithium Niobate modulators.

Chirp is a critical element in high bit rate lightwave systems because it can interfere
in the limit of the system distance [1]. External modulators offer a way to reduce or
eliminate chirp because the laser source is held in the narrow linewidth, steady-state
mode. External modulator is typically either a LINbO3 modulator or an
electroabsorptive modulator. In this lesson the chirp induced by the LiNbO3 is
analyzed based on the voltage of operation.

Here the modulator is analyzed in a dual-drive design shown in Figure 1 (where
AV1 = —-AV2).

Figure 1 Dual-drive system layout
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The modulator is operating in the quadrature mode. This means that the bias voltage
places the modulator at the midpoint of the optical response curve, and therefore, the
intensity is at half of its peak value. Figure 2 shows the parameters utilized to setup
the modulator. The extinction ratio is set to 200dB to avoid any chirp caused by
asymmetric Y-branch waveguides [2]. The modulator is set to work in a non-
normalized way, which means the electrical input signal will not be normalized.
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In accordance with [3], for a dual-drive modulator with geometry that is exactly the
same for both arms. The chirp is given in terms of driving voltages:

V.+7V
o = ——2 (1
Vl_Vz

where V', and V, are the voltage applied to arm 1 and 2, respectively.

Figure 2 Parameters setup for the modulator operating in the "quadrature" point
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In agreement with Equation 1, to achieve zero chirp from the modulator, the relation
between the voltages applied has to be ', = —V, . Figure 3 shows the voltages at
port 2 and 3 for a determined sequence of pulses.
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Figure 3 Electrical signal at Input Port 2 (a) V1pp = 2.0V, and Input port 3 (b) V2pp = 2.0V to achieve a near
zero chirp from the modulator
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The results achieved for these voltages is shown in Figure 4. The amplitude of the
optical signal varies from 0 to 1mW. The amplitude of the chirp is around 100 Hz (it
could be considered practically zero due its small value).
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Figure 4 Optical signal at the modulator output
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To show the difference in the value of chirp with changes in the voltage applied, the
peak-to-peak voltages are set to lep =307V, V2pp = 1.0V,togive oo = 0.5.
Figure 5 shows the electrical input signals.

Figure 5 Electrical signal at Input Port 2 (a) and Input port 3 (b) to achieve a o0 = 0.5 from the modulator
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The chirp achieved is shown in Figure 6. The optical signal seems the same, however,
the chirp in the signal is much larger than that presented in Figure 4. The amplitude
of the chirp is around 3 GHz.

Figure 6 Optical signal at the modulator output for o = 0.5
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For a = —0.5, the peak-to-peak voltages are set to
lep = 1.0V, V2pp = 3.0V. The result is shown in Figure 7.

Figure 7 Optical signal at the modulator output for . = 0.5
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As demonstrated in this lesson the chirp at the output signal, in the Mach-zehnder
modulator, can be controlled by adjusting the voltages applied in the arms of the
modulator. More information about chirp in Mach-Zehnder modulators can be found
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LED SPECTRAL DISTRIBUTION

LED spectral distribution

The spectral distribution of the optical source determines the performance of the
optical system through the dispersion [1], [2]. The spectral distribution of the LED is
determined by the spectrum of spontaneous emission, which typically has a Gaussian
shape. In the 1300-1500nm region, the spectral widths of the LED vary from 50 to
180nm.

The spectral width of the LED with 1300 nm wavelength is analyzed. The project is
shown in Figure 1.

Figure 1 Project layout
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Discussion of the numerical parameters: bit rate is 300Mb/s and sequence length
2 bits, therefore, the time window is 6.66ns. Samples per bit are 32768, therefore, the
sample rate is 10THz (56nm). The default resolution therefore is 0.0017nm.
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Figure 2 Spectral distribution
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This spectral distribution is obtained with the default resolution. The resolution can be
changed in the resolution bandwidth of the optical spectrum analyzer. In Figure 3, the
same spectral distribution with a resolution from 1 nm is depicted.

(‘, 190



LED SPECTRAL DISTRIBUTION

Figure 3 Spectral distribution—resolution from 1nm
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Approximately 50 nm spectral width of the optical source can be seen.
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SEMICONDUCTOR LASER L-I CURVE

Semiconductor laser L-l curve

The Light - Current (L-I) curve characterizes the emission properties of a
semiconductor laser as it shows the current that needs to be applied to obtain a
certain amount of power.

We will show a L-I curve of our laser rate equation model with default
1, = 33.45mA . The project is depicted in Figure 1.

Figure 1 Project layout
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(In fact the bit sequence generator and NRZ generator could be disabled, as the
results are the same.)

Discussion of the numerical parameters: bit rate is 2.5Gb/s and sequence length
8 bits, therefore, the time window is about 3.2ns. Samples per bit are 64, therefore,
the sample rate is 160GHz. The default resolution therefore is 312MHz.

The L-I curve is generated after sweeping the parameter bias current from 35 to 125
mA. Modulation peak current = 0.
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Figure 2 L-l curve—Power vs. bias
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Linear dependence on emitted power on the bias current can be well seen.
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LASER NOISE AND LINEWIDTH

Laser noise and linewidth

Laser Intensity Noise.osd (see Figure 1) shows the laser spectral in CW operation
at several power levels.

Figure 1 Laser Intensity Noise
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The laser exhibits fluctuations in its intensity, phase, and frequency, even when the
laser is biased at a constant current with negligible current fluctuations (see Figure 2).

Figure 2 Laser Noise

= f
= Signal spectrum
Dkl Click On Ohjects to open properties. Move Objects with Mouse Drag

R

2e+010 Se+010 Ge+010 1 Ae+011
Frequency {Hz}

195 (A,



LASER NOISE AND LINEWIDTH

Notes:
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VERTICAL-CAVITY SURFACE-EMITTING LASER - VCSEL VALIDATION

Vertical-Cavity Surface-Emitting Laser - VCSEL
Validation

The purpose of this lesson is to compare the simulation results of the VCSEL laser
component with the published articles [1] and [2].

The first part of the lesson will compare the LI and IV curves of the component for
different input parameters with the experiments presented in [2].

The second part of the lesson will demonstrate the dynamic behavior of the
component using the parameters from [2]].

Creating a Project

Using the default global parameters, we can start adding the components to design
the basic VCSEL transmitter.
From the component library drag and drop the following component sin to the layout:

*  From "Default/Transmitters Library/Bit Sequence Generators", drag and drop the
"Pseudo-Random Bit Sequence Generator" into the layout.

*  From "Default/Transmitters Library/Pulse Generators/Electrical", drag and drop
the "NRZ Pulse Generator" into the layout.

*  From "Default/Transmitters Library/Optical Sources", drag and drop the "VCSEL
Laser" into the layout.

» From "Default/Visualizers Library/Electrical", drag and drop the "Oscilloscope
Visualizer" into the layout.

*  From "Default/Visualizers Library/Optical", drag and drop the "Optical Time
Domain Visualizer" into the layout.

*  From "Default/Visualizers Library/Optical", drag and drop the "Optical Spectrum
Analyzer" into the layout.

The next step is to connect the components according to the Figure 1.
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Figure 1 VCSEL transmitter
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First device: 863 nm laser

Parameter setup

VERTICAL-CAVITY SURFACE-EMITTING LASER - VCSEL VALIDATION

The laser parameters of OptiSystem VCSEL component should be the same as the
863 nm VCSEL from [2].

Table 1 863 nm VCSEL parameters

Parameter Value

Frequency 863 nm

Thermal impedance 2600

Thermal time constant 1e-006

Scaling factor 2.6e-008

Gain coefficient 16000

Carrier number at transparency 19400000

Carrier lifetime 5e-009

Photon lifetime 2.28e-012

Spontaneous emission factor 1e-006

Injection efficiency 1

Max input current 40

a - loff(T) 1.246e-3, -2.545e-5, 2.908e-7, -2.531e-10, 1.022e-12
b - V(T) 1

c-V(l) 1.721 275, -2.439e4, 1.338e6, -4.154e7, 6.683e8, -4.296e9

For this example, the parameter fitting parameter is disabled because we want to use
the same parameters from [2].

If the parameter fitting is enabled, the component will recalculate new parameters and
they may differ from [2].

We also enabled the graph calculation in order to compare the calculated LI and IV
curves with the measurements.

Figure 2 presents the main VCSEL parameters for the 863 nm laser.
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Figure 2 VCSEL parameters for the 863 nm laser

Label: [VCSEL Laser Costy: | 0.00

Cancel

IThermaI lPhysic:aI lMeasur... lGraphs lSimuIa... lNoise lHandom... I

Disp | Hame Value Units Mode Evaluate
~ |Fr-x3(|u-em:§.r A63inm MNormal Sctipt
[ |Bias current Simd Normal
ol |M0(IuIation peak current 10 mA MNormal
¥CSEL Laser Properties ﬂ
Label. [VCSEL Laser Costh: [ 000
Cancel |
Physical l Measur... l Graphs l Simula... l Moize l R andom... I
Disp Hame Value Units Mode Evaluate
[~ |Thermal effects I Normal Sctipt
v |Temperature 20:0C MNormal
[~ |Thermal impedance 2600 G MNormal
[~ |Thermal time constant Te-006:s Normal
¥CSEL Laser Properties ﬂ
Label. [VCSEL Laser Costh: [ 000
Cancel |
I ain l Thermal Measur... l Graphs l Simula... l Moize l R andom... I
Disp Hame Value Units Mode Evaluate
[~ |Reduce parameters I Normal Sctipt
[~ |Active layer volume o0 fem™s Mormal
[ |Group velocity CHYS Mormal
|0 efficiency 04 Normal
[ |Differential gain coefficient 2. 5e-G i cm"2 Mormal
[~ |Carrier density at transpar e+ Sicm™-3 Narmal
[~ |Mode confinement factor 1 Normal
[ |Scaling factor 2. 6e-008: W MNormal
[~ |Gain coefficient 16000 s Narmal Leedl. |
[~ |Carrier number at transpa 19400000 MNormal E— |
[ |Carrier lifetime Se-009%s Normal =
[~ |Photon lifetime 2.28e-012is Normal 5 i
[~ |Spontaneous emission fac Je-006 Mormal ﬂl
[~ |Gain compression coeffici -7 em™s MNormal
[~ |Linewidth enhancement fa 5 Normal
[~ |Injection efficiency 1 MNormal
CSEL Laser Properties ﬂ
Label. [VCSEL Laser Costh: [ 000
Cancel |
I ain l Thermal l Physical Graphs l Simula... l Moize l R andom... I
Disp Hame Value Units Mode Ege_.luate
[~ |Max input current 405 md MNormal Sctipt
[ |a-loff(T) 1.2460-3 -2 5450-5 2. 908e-7 - MNormal
[ |b-w(T) 1 Normal
[ |e-vi 1720 275 -2 439e4 1.338e6 - Mormal
[~ |Parameter fitting - Normal
[ |LIcurves filename LI Temperature. dat | Normal
[~ |IV curves filename N Temperature.dat | Normal
[~ |LIcurves at different temp| 155 = 3 | Normal
[~ |IV curves at different temp| 75 = 3 Mormal Load..

SEL Laser Properties

diN

Label: IVESEL Laser Costd: | 000 oK
Cancel

M ain l Thermal l Fhysical l Meazur. l Moize l Fiandom... I
Disp| Hame Units Mode Evaluate
ol |Calculate graphs MNormal Sctipt
ol |Num|)er of points 108 MNormal
ol |From 05 md Novrmal
[ [Te 401 mA Normal

4/ 200




Graphs

The user should also provide the LI and IV curves for the device.

For this example, the data from Figures 1 and 2 from [2] are used.

VERTICAL-CAVITY SURFACE-EMITTING LASER - VCSEL VALIDATION

By default, the component already has the data stored internally and this will not be
necessary for the 863 nm laser:

*  Go to OptiSystem project browser.

» Select the "VCSEL Laser" component.

+ Select the "Graphs" folder.

* Double-click on the "Measured LI curve" (Figure 3).

The graph should be the same as the graph in Figure 2 from [2].

Repeat the same steps for the second graph "Measured IV curve". The graph should
be the same as Figure 3 from [2].

Figure 3 Graphs folder for the VCSEL laser
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Figure 4 LI curve graphs for the VCSEL laser
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Figure 5 IV curve graphs for the VCSEL laser
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Parameter sweep

The next step is to simulate for different temperatures in order to compare the
measured curves from Figure 4 and Figure 5 with the calculation results.

Create a sweep with the laser parameter Temperature for the values of 20, 40, 60,
80,100, 120 and 130° Celsius (Figure 6).

Figure 6 Temperature parameter sweep
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Running the simulation

We can run this simulation and analyze the results:

» To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* Inthe calculation dialog box, press the Play button. The calculation should take a
few seconds.
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Viewing the results

q ‘, 204

Because we are interested in the LI and IV curves from the simulation, we can select
the graphs from the project browser: "LI curve" and "IV curve".

To compare the results with the measurements, repeat the same steps to see the
measured graphs. However, instead of double-clicking on the graphs, press the Citrl
key and the left mouse button to select the "LI curve" and the "LI curve measured":

Figure 7 Multiple graphs selection
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Now click the right button of the mouse and select Quick View.
The graph for the LI curve is presented in the Figure 8.

As you can see, the simulation is very close to the original measurements, as
expected by [2].

Repeat the same steps for the IV curve, and the graph should look like Figure 9.
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Figure 8 LI curves: The dotted line is the measurement.
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Figure 9 IV curves: The dotted line is the measurement.
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Parameter fitting
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The next step is to enable Parameter fitting and run the simulation again.
This time, the component will use the previous parameters as a first guess for the
parameter-fitting engine and calculate new parameters:

* Inthe VCSEL laser parameters dialog box, Measurements tab, enable the
parameter Parameter fitting.

* Close the dialog box and run the simulation
After the simulation is finished, you can compare the LI and IV graphs with Figure 8

and Figure 9. The graphs will be very similar, however the laser parameters are
different.

The laser parameters used in this calculation are available in the project browser
under the Results folder.



Second device: 683 nm laser

Parameter setup

VERTICAL-CAVITY SURFACE-EMITTING LASER - VCSEL VALIDATION

The laser parameters of OptiSystem VCSEL component should be the same as the

683 nm VCSEL from [2].

Table 2 683 nm VCSEL parameters

Parameter Value

Frequency 683 nm

Thermal impedance 9800

Thermal time constant 1e-006

Scaling factor 2.6e-008

Gain coefficient 16000

Carrier number at transparency 16540000

Carrier lifetime 5e-009

Photon lifetime 2.064e-012

Spontaneous emission factor 1e-006

Injection efficiency 1

Max input current 5

a - loff(T) -2.734e-4, -2.125e-5, 1.837e-7, 3.183e-10
b - V(T) 0.829, -1.007e-3, 6.594e-6, -2.18¢-8
c-V(l) 1.721 275, -2.439e4, 1.338e6, -4.154e7, 6.683e8, -4.296e9

To load the measurements from this device, we should enable the Parameter fitting
parameter and import the measured LI and IV curves.

* In the Measurements tab, click on the parameter L/ curves filename.
* Load the file "Measured LI 683 VCSEL.dat".

»  Click on the parameter IV curves filename.

* Load the file "Measured IV 683 VCSEL.dat".

* Disable the parameter Parameter fitting.

Figure 10 presents the main VCSEL parameters for the 683 nm laser, after loading
the files and disabling the parameter fitting:
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Figure 10 VCSEL parameters for the 683 nm laser
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Graphs

The graphs for "Measured LI curve" should be the same as Figure 4 from [2].

See Figure 11.

Figure 11
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Parameter sweep

The next step is to simulate for different temperatures in order to compare the
measured curves from Figure 11 with the calculation results.

Create a sweep with the laser parameter Temperature for the values of 25, 40, 60 and

80° Celsius. Now run the simulation.
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Viewing the results
The graph for the LI curve is presented in the Figure 12.

As you can see, the simulation is very close to the original measurements for 25, 40
and 60° Celsius, as expected by [2].

Figure 12 Ll curves: The dotted line is the measurement.
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Parameter fitting
The next step is to enable Parameter fitting and run the simulation again.

This time the component will use the previous parameters as a first guess for the
parameter-fitting engine and calculate new parameters.

The resultant graph is similar to theFigure 12, and the new parameters are available
as results in the project browser.
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Third device: 1550 nm laser

Parameter setup
The system parameters for this project should be the same as [1].
To compare the results, we will generate one single pulse at 2.4 GBs.

This means that we should change the global parameters. Also, we should use the
same rise and fall times for the NRZ pulse generator and replace the PRBS generator
with a user-defined bit sequence generator:

* In the global parameters dialog box, change the parameter Bit rate to 2.4e9 and
the parameter Sequence length to 16 (Figure 13).

* Replace the PRBS bit sequence generator with the "User Defined Bit Sequence
Generator" from "Default/Transmitters Library/Bit Sequence Generators".
Connect the components according to Figure 14.

* Inthe User Defined Bit Sequence Generator parameter dialog box, change the
parameter Bit sequence to "00000010000000" (Figure 15).

* Inthe NRZ Pulse Generator parameter dialog box, change the parameters Rise
time and Fall time to 0.25 (Figure 16).

Figure 13 Global parameters for laser 1550 nm setup
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Figure 15 Bit sequence generator parameters
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Figure 16 NRZ pulse generator parameters
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The laser parameters of component should be the same as the laser from [1].
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Table 3 1550 nm laser parameters

Parameter Value

Frequency 1550 nm
Bias current 38
Modulation peak current 28
Thermal effects False
Reduce parameters False
Active layer volume 1.5e-010
Group velocity 8500000000
Quantum efficiency 0.4
Differential gain coefficient 2.5e-016
Carrier density at transparency 1e+018
Mode confinement factor 0.4
Carrier lifetime 1e-009
Photon lifetime 3e-012
Spontaneous emission factor 3e-005
Gain compression coefficient 1e-017
Linewidth enhancement factor 5
Injection efficiency 1

For this particular device, we will not use the thermal effects and we will provide the
same parameters as in [1].

This means that the parameters Thermal effects and Reduce parameters will be
disabled. Because the thermal effects are disabled, the parameters from the
Measurements tab will not be used in the simulation.

Figure 17 presents the main VCSEL parameters for the 1550 nm laser:
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Figure 17 Parameters for the 1550 nm laser
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Parameter sweep

The next step is to simulate for different values of gain compression coefficients in
order to compare the results from [1] with the calculation results.

Create a sweep with the laser parameter Gain compression coefficient for the values
of 1x10-17 and 5x10-17.

Run the simulation.
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Viewing the results
First we should compare the shape of the electrical pulse with Figure 2a from [1].
Double click on the "Oscilloscope Visualizer" in the layout.

Figure 18 presents the applied pulse at the laser input. The pulse is very similar to the
one shown in Figure 2a from [1]. The amplitudes of the pulses are slightly different
because OptiSystem generated a normalized pulse.

Figure 18 Applied pulse at the laser input
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The next step is to compare the optical pulse at the laser output with Figure 2b from
[1].

Using the project browser, select the 'Signal power" graph from the "Optical Time
Domain Visualizer" (Figure 19).

Figure 20 presents the optical pulses at the laser output. The results are very similar
to the Figure 2b from [1].
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Figure 19 Selecting the signal power graphs
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Figure 20 Optical pulse at the laser output for different values of gain compression coefficients
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Using the Laser Measured Component

The purpose of this lesson is to demonstrate how to obtain the laser physical
parameters from measurements.

Case 1: Setting the measured values Z, Y, P1 and Ith to obtain the

correspondent physical parameters:

Using the measured values obtained in [1], set up the measured tab in the laser

component:

P1=1.36 mW @ | bias = 35 mA

Ith =18 mA

Z1=20.52 x 1020 Hz2

Y1=21.87 x 109 s-1

Figure 1
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Laser
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Figure 2 Main tab parameters
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After setting up and calculating the system (See Figure 3), the results obtained from
the parameter extraction are displayed in the project browser window.
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Figure 3 System layout
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To compare these results with the ones obtained in reference [1], a new system was
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designed with two laser components:
* Alaser measured component similar to the one used in Figure 3

+ Alaser rate equations component that uses the physical parameters obtained in
the reference [1].

The system layout is shown in the following figure:

Figure 5 System layout comparing results

T Jm

Cscillescops Visualizsr

oA Jm

Optical Time Domain Visualizer

Lzz=r Riate Equstions

' Fraquency A THz

' Bizs current = 20 mA

L Medulation peak current = 30 mA
=L Thresheld current = 172207 ma

NRZ Pulze Generatgr

0101 4°_<::

User Defined Bit Sequence Generator =
Bit rate = Bit rate Bitsis Fork 1x2

A

Optical Time Domain Visualizer_1

Threshold current = A
Power at reference cument = 1.35 mW

Similar results were found using both lasers (Figure 6). The differences presented
were caused basically by the fact that the physical parameters obtained from [1] did
not produce the same measured parameters like the ones generated at the laser
measured. (e.g. the threshold current calculated in the laser rate equations indicate
17.22 mA and not 18 mA).
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Figure 6 (a) Pulse intensity and (b) chirp
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Case 2: Setting the measured values Z, Y, P, Ith and also setting an
average RIN value to obtain the correspondent physical parameters

q ‘, 224

In this case the measured values are the same as presented in the previous case.
However, the average RIN and bandwidth, in which the average RIN is calculated,
was added to the list of values.

Figure 7 Measured values setup
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To visualize the results generated from the laser parameters, the following system

was designed:
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Figure 8 System layout
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After running the system, the output power measured in the Electrical power meter is
-27.3 dBm. To visualize the RIN in the RF spectrum analyzer, we have to go to the
visualizer properties and set its parameters to calculate the spectral density and take
into consideration the signal power.

Figure 9 Setting the RF spectrum analyzer to calculate the spectral power density using the scale factor of

RF Spectrum Analyzer Properties

Label: |F|F Spectiun Analyzer Costd: | 0.00
; . Cancel
Rezalution bandwidth Simulation Random numbers ]

Disp| Name | Value Units Mode |
[T | Power unit dEm Normal
[ Minimum value -160 : dBm Normal
le factor 27.3:d Normal
er spectral density Ird Normal
[T | Megative frequencres 1 —" Normal
[T | Limit number of points Ird Normal
[T |Max. number of points 128000 Normal

Load...

Save bz

e

Security...

Help

d

After these changes the RIN can be visualized in the RF spectrum analyzer:
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Figure 10 RIN spectra
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This component can help the user to reproduce a laser behavior, however sometimes
the parameter extraction procedure can not converge depending on the initial
parameter estimation or the use of values (e.g. unrealistic RIN) that can not be
reproduced by the laser.
References:

(1]

Cartledge, J. C. and Srinivasan, R. C. “Extraction of DFB laser rate equation parameters for

system simulation purposes”, J. Light. Techn., 15, 852-860, (1997).

q ‘, 226



Optical fibers

This section contains the following advanced simulation projects.

» Effects of group velocity dispersion (GVD) on Gaussian pulse propagation
« Effects of PMD on pulse propagation

» Effects of cross phase modulation (XPM) and four-wave mixing (FWM)
+ Combined effects of GVD and SPM on Gaussian pulse propagation

+ Combined effects of GVD and SPM on modulational instability

*  PMD-induced broadening of ultra-short pulses

+ Validation of FWM effect

« Stimulated Raman scattering

+ Stimulated Raman scattering—Separated channels

+  SPM-induced spectral broadening

+  XPM-induced asymmetric spectral broadening

*  Kerr shutter

« Bidirectional fiber and Raman design
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

Effects of group velocity dispersion (GVD) on
Gaussian pulse propagation

To demonstrate the influence of the group (GVD) velocity dispersion on pulse
propagation in optical fibers in "linear" regime. The basic effects related to GVD are:

* GVD induced pulse broadening
*  GVD induced pulse chirping
*  Pulse compression

The equation, which describes the effect of GVD on optical pulse propagation
neglecting the losses and nonlinearities, is [1]:

OF _ B0’E ™

l b
82 2 812

where z is the propagation direction,  is the time, E is the electric field envelope, and
2

B

B, = — is the GVD parameter, defined as the second derivative of the fiber mode
o
propagation constant with respect to frequency.

For an input pulse with a Gaussian shape,

2
E(z=0,1) = “/ITOGXP(_;?ZJ , @

0

the pulse width To (related to the pulse full width at half maximum by
T ey = 1.665T)) increases with z (the pulse broadens) according to [1]:

T(z) = [1 +(LZ—D)2T/2TO, @)
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

and, consequently, the peak power changes, due to GVD, are given by:

N 2-1/2 " (4)
1+(-5—) J
(5

T,
B2l
Its meaning is quite straightforward: after propagating a distance equal to LD, the
pulse broadens by a factor of ﬁ .

In Equation 3 and Equation 4, the quantity LD = is the dispersion length.

To demonstrate this, we created the following simple project (Figure 1).

Figure 1 GVD project layout

P

Optical Spectrum Analyzer

A

Optical Time Domain “Wsualizer_2

P

Optical Spectrum Anahyzer_1

A

Optical Time Domain Ysualizer

I T -h
gEid= s ==
Optical Fiber
Optical Gaussian Pulse Generator Length = 2.812 km
|]l|]l o Frequency = 1931 THz
Power =0 dBm

Uszer Defined Bit Sequence Genergtor
Bit rate = Bit rate Bits/s

We set the Bit rate equal to 40 Gb/s, which corresponds to bit duration of 25 ps. Using

the default value of 0.5 for "width" of the Optical Gaussian Pulse Generator, the

resulting FWHM of the pulse is 12.5 ps.

Trwuym 12.5ps _
1.665  1.665

Using the value of B, = —20(ps)2/km at 1.55um for SMF, the dispersion length is:

The T|, parameter is then T, ~ 7.5ps.
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

Ty 2
Ly, - =2 = U5) _ 510k

In the Optical Fiber properties, we set the length of the fiber equal to this value, and
we disable all the effects except GVD (Figure 2).

We calculate the project and the obtained results are presented in Figure 3. We see
that the pulse is broadened (the peak power decreases in accordance with
Equation 4). The origin of pulse broadening can be understood be looking at the
instant frequency of the pulse, namely the chirp.
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Figure 2 Optical Fiber properties

Optical Fiber Properties
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

This is shown in Figure 4, where the pulse chirp is plotted together with the pulse
intensity. Whereas the input pulse is chirpless, the instantaneous frequency of the
output pulse decreases from the leading to the trailing edge of the pulse. The reason
for this is GVD. In the case of anomalous GVD (3, < 0), the higher frequency ("blue-
shifted") components of the pulse travel faster than the lower frequency (or "red-
shifted") ones [1].

Figure 3 Left plot - input pulse, right plot pulse at
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

Figure 4 Same as in Figure 3. The straight lines represent the chirp
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

Note: The leading edge of the pulse is blue shifted and the trailing edge of the
pulse is red-shifted. Because the "blue" and "red" spectral components tend to
separate in time, this leads to pulse broadening. However, the pulse spectrum
remains unchanged, as Figure 5 shows.

Figure 5 Input (left plot) and output (right plot) spectra corresponding to Figure 3 and 4
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If the input pulse is frequency modulated (i.e. chirped), Equation 2 is replaced by:

)
E(z=0,1) = ﬂexp(—l J;ZC;—Z} (5)
0

and the expression for the dependence of the pulse width on z is [1]

2 271/2
T(z) = TOKI s fj {B_zj } ©
TO TO

The pulse broadens monotonically with z if BZC > 0, however, it goes through initial
narrowing when BZC < 0. In the latter case, the pulse width becomes minimum at
distance [1]:

Zmin — ——lgl—zLD )
1+C

and is given by

T
- 0 (8)

I(z - S 12
(1+C)
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

The peak power of the pulse in this case is:

2.1/2 (9)
P(z,.) = Py(1+C7)

Initial narrowing of the pulse for the case BZC < 0 can be explained by noticing that
in this case the frequency modulation (or "chirp") is such that the faster ("blue" in the
case of anomalous GVD) frequency components are in the trailing edge, and the

slower (or "red" in the case of anomalous GVD) in the leading edge of the pulse. As
the pulse propagates, the faster components will overtake the slower ones, leading to
pulse narrowing. At the same time, the dispersion induced chirp will compensate for

the initial one. Atz = z full compensation between both will occur. With further

min’
propagation, the fast and the slow frequency components will tend to separate in time

from each other and, consequently, pulse broadening will be observed.

To demonstrate this, we use a chirped Gaussian pulse with the chirp parameter
C = 2 (since B, < 0 in our case) (Figure 6).

Figure 6 Setting the chirp parameter to observe pulse compression

Optical Gaussian Pulse Generator Properties |
Label: IDpticaI G aussian Pulse Generator Costf: I 0.on
Cancel |

tair .EIPDIarization lSimuIation I

Disp Hame Value Units Mode E ve_nluate
[~ |Chirp definition Linear Normal Seript
[~ |Chirp factor 2irad's Marrmal
[~ |Alpha parameter 0 rad s Normal
[~ |Adiabatic chirp Qils Normal

Load...

Save As..

Lk

Security...

LI Help |

Using Equation 7 and Equation 9, we obtain:

= L|2LD = 2LD = 1.125km and
1+C

5
1/2
P(z,.) = Py(1+C%) "~ = [5~223mW.
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

We change the length of the fiber to 1.125km and calculate the project.

The results for the output pulse shape and chirp are presented in Figure 7. It can be
seen that an exact compensation between the dispersion induced and initial chirp
occurs, and that the peak power of the pulse is 2.2m W , as given by Equation 9.

Figure 7 Pulse shape and chirp at z=0 (left) and z=z,;,, (right)
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EFFECTS OF GROUP VELOCITY DISPERSION (GVD) ON GAUSSIAN PULSE PROPAGATION

Note: There is exact compensation between the initial and the dispersion-
induced chirp.

Reference:
[1 G. P. Agrawal Nonlinear Fiber Optics, Academic Press (2001).
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Notes:
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EFFECTS OF PMD ON PULSE PROPAGATION

Effects of PMD on pulse propagation

Polarization mode dispersion (PMD) can cause serious problems in high bit-rate

transmissions. In this lesson, the PMD emulator component is used to demonstrate
the distortions in the transmitted signal, caused by first and second order PMD effects.
The system showed in Figure 1 is utilized in the simulations.

Figure 1

0101

Uszer Defined Bit Sequence Genergtaor
Bit rate = Bit rate Bitsis

gl

NRZ Pulze fienerator

______________ |

Ozcilloscope Wsualizer

Low Pazz Gaussian Filter Fark 1x2
Cutoff frequency = 0.85 ® Bit rate Hz

PMD system layout

AV*'}'..

Chi' Lazer
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Hiipticity = 0 dag

e - -

Optical Time Domain “zualizer

|

LiHb hach-Zehnder Madulator
Extinction ratio = 100 dB
Switching bias voltage = 4 W
Switching RF voltage = 4 W
Insertion lozs = 0 dB
Modulation waltagel = 1 W
hdodulation woltage? = -2 %
Bias woltagel =0 %

Bias woltageZ = 2 W

= é‘* =1
PhiD Emulator Photodetector PIN
Length = 10 km

Ptenuation = 0 dBhm

Dizpersion = 0 pfnm-km’

Dispersion slope = 0 pzidnm*2-km
Frequency reference = 193414 THz
Differential group delaw = 71 ps
Depolarzation rate = 108 deqs/GHz
Polarization cromatic dispersion = 1.3 ps/GHz

Ozcilloscope ‘eualizer_1

The system simulates the transmission of a sequence of pulses for a 10 Gb/s bit rate
in a high PMD fiber with differential group delay of 71 ps, depolarization rate of
10.8°/GHz, and polarization chromatic dispersion of 1.3ps/GHz. In the simulations,
attenuation and dispersion are set to zero. The input signal is a sequence of NRZ

pulses showed in Figure 2.
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Figure 2 Input sequence of pulses
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Simulations are carried out for two different polarizations of the optical input signal.
Figure 3(a) shows the output signal for an input state of polarization (SOP) aligned
with one of the two principal states of polarization, azimuth = 0 and ellipticity = 0. In
Figure 3(b), the output signal is the same, but the input SOP is aligned with the other
axis, azimuth = 90 and ellipticity = 0.

Figure 3(a) Simulation results for input signals with azimuth = 0, ellipticity =0
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Figure 3(b) Simulation results for input signals with azimuth = 90, ellipticity = 0
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In both cases, the main second order effect is due to the depolarization rate
coefficient, since the polarization chromatic dispersion is too small to create a
substantial deformation of the output signal.

The presence of power over-shoots on the sequences of "1"s, and the presence of
energy on the "0"s are due to the imperfect cancellation of the pulses coupled on the
orthogonal axis. The results found in the simulations are in agreement with the results
presented in [1].
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References:

[1 Cristian Francia, Frank Bruyere, Denis Penninckx, and Michel Chbat. " PMD Second-Order
Effects on Pulse Propagation in Single-Model Optical Fibers". IEEE Photonics Technology
Letters, December 1998.

[2] L. E. Nelson, R. M. Jopson, H. Kogelnik, and G. J. Foschini. "Measurement of Depolarization
and Scaling Associated with Second Order Polarization Mode Dispersion in Optical Fibers".
IEEE Photonics Technology Letters, December 1999.
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EFFECTS OF CROSS PHASE MODULATION (XPM) AND FOUR-WAVE MIXING (FWM)

Effects of cross phase modulation (XPM) and
four-wave mixing (FWM)

The purpose of this lesson is to give an idea about the effects associated with cross-
phase modulation (XPM) and four-wave mixing (FWM) accompanying the
propagation of optical signals at different carrier frequencies in a nonlinear dispersive
fiber [1].

At first, we create the layout shown in Figure 1. The Numeric tab of the Nonlinear
Dispersive Fiber Total Field component is shown in Figure 2. Note that the step size
is much smaller compared to that used to simulate soliton propagation (see
"Interactions of optical solitons"). Although the power levels here are far below the
soliton regime, the bandwidth occupied by the signal is larger, and a small enough
step-size is necessary to calculate the four-wave mixing products resulting from the
interaction of the input signals accurately (see [2]). In this case the step-size is
determined by the coherence length of the FWM process rather, than by the nonlinear
length (associated with the self-phase modulation process).

Figure 1 Project layout
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EFFECTS OF CROSS PHASE MODULATION (XPM) AND FOUR-WAVE MIXING (FWM)

Figure 2 Nonlinear Dispersive Fiber Total Field Properties dialog box—Numeric tab
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The input consists of two Gaussian pulses 800ps spaced in time and 1nm in
frequency Figure 3. The fiber dispersionis D = 16ps/nm/(km) . Note that the
bandwidth we simulate is bigger than three times that of the input signal. This is done
to avoid the any aliasing of the FWM products generated by the nonlinear interaction
of the two pulses.

Figure 3 Input pulses and their spectrum
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Figure 4 Pulses and their spectrum after of propagation in a lossless fiber 50 km
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Figure 5 Pulses and spectrum after 100km of propagation
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EFFECTS OF CROSS PHASE MODULATION (XPM) AND FOUR-WAVE MIXING (FWM)

The pulse at 1551nm has 2 mW peak power so that SPM is negligible for this pulse
at 100km fiber length. The pulse at 1550nm has 20mW of peak power and the effects
of SPM are important for this pulse; the XPM on the 1551 nm pulse will be large. After
50 km propagation, the two pulses overlap and the spectrum of the pulse at 1551 nm
is broadened (Figure 2 and Figure 3). This broadening is caused by the effect of XPM.
It is interesting to note that the spectral broadening of the pulse at 1550 is larger. For
this pulse the broadening is caused by SPM. On the other hand the broadening for
the 1551 nm pulse (caused by XPM) is smaller due to the presence of GVD. The edge
of the stronger pulse moves through the weaker pulse, the overlap time is diminished
and so is the spectral broadening. At 50 km the four-wave mixing products ("spurious
frequencies”, [2] at 1549 nm and 1551 nm) are evident. Now the bandwidth of the
signal is three times that of the input signal. If the simulated bandwidth was insufficient
to accommodate both the signal and the spurious frequencies the power of the FWM
products would have been falsely translated into the bandwidth of the signal (aliased).
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Figure 6 Figure 4 but including fiber losses
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At 100 km, when the pulses are no longer overlapped and the FWM product have
disappeared. The XPM induced spectral broadening for the pulse at 1551 nm has
also vanished. This is because the effects accompanying the increase of the pulse
overlap are opposite to those associated with the pulse separation (see [2]). The
portion of the interfering pulse with falling intensity produces a frequency shift of the
opposite sign to that previously produced by the rising edge [1]. This example
illustrates that dispersion can result in a lessening of the effects of XPM and FWM in
a lossless fiber. In a fiber with losses, the symmetry responsible for the disappearing
of the spurious waves is no longer present—when the pulses start to overlap they
contain more energy then when they start to separate—(as seen in Figure 6), and the
spurious waves do not disappear.
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References:
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I. Kaminow and T. Koch, chapter "Fiber Nonlinearities and their impact on Transmission
Systems".
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Notes:
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COMBINED EFFECTS OF GVD AND SPM ON GAUSSIAN PULSE PROPAGATION

Combined effects of GVD and SPM on Gaussian
pulse propagation

This lesson demonstrates that the effects of SPM and anomalous GVD on the pulse
propagation are counteracting.

As already discussed, (see the "Group velocity dispersion" in the Tutorials), the effect
of GVD on the pulse propagation depends on whether or not the pulse is chirped. With
the proper relation between the initial chirp and the GVD parameters, the pulse
broadening (which occurs in the absence of any initial chirp) will be preceded by a
narrowing stage (pulse compression). On the other hand, the SPM alone leads to
pulse chirping, with the sign of the SPM-induced chirp being opposite to that induced
by anomalous GVD (see "Effects of SPM" from the Tutorials). This means that in the
presence of SPM, the GVD induced pulse-broadening will be reduced (in the case of
anomalous), while extra broadening will occur in the case of normal GVD.

Mathematically [1] the pulse propagation is governed by the nonlinear Schrodinger
Equation 1:

.OF BzazE 2 ™)
— = —=——— vy|E|'FE
52 2 o vIE|

The relative importance of GVD and SPM effects depends on the value of the
parameter [1]:

=

NZZLDZYPOO 2)

Ly, |B)]

where L, and LNL are the dispersion and nonlinear lengths respectively. When
N >>1, the effects of SPM are dominant and when N < <1, those of GVD
dominate.
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To demonstrate their interplay we choose N=1 and used the simple layout shown in
Figure 1. At 40 Gb/s the value of Ty is T, = 7.5ps.

Figure 1 Layout and parameters
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Figure 2 Results with SPM
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COMBINED EFFECTS OF GVD AND SPM ON GAUSSIAN PULSE PROPAGATION

With the default values of:
B, = —20ps’/km, (L = 2.812km)

y = L3170 ke (ny = 2.6 x 10 W/ m”, A, = 80um”)

in the Nonlinear Dispersive Fiber Total Field component, setting N=1 in Equation 2,
the peak value P, of the pulse poweris P, = 270mW .

In the Optical Gaussian Pulse Generator, under Main, we enter this value for the
power.

Figure 3 Results with disabled SPM
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COMBINED EFFECTS OF GVD AND SPM ON GAUSSIAN PULSE PROPAGATION

Figure 4 Increased pulse broadening and chirp rate
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Gaussian pulse propagation in the anomalous GVD regime, taking the SPM into
account, is shown in Figure 2. If the effects of SPM are disabled the corresponding
results are shown in Figure 3. As one can expect both pulse broadening and pulse
chirping are reduced due to the presence of SPM (Figure 2). In this case (anomalous
GVD, Figure 2) the blue shifted frequency components travel faster than red-shifted
ones. However, SPM generates new frequency components that are red-shifted
(slow) near the leading edge and blue-shifted (fast) near the trailing edge (see SPM-
induced spectral broadening). This leads to a reduced rate of pulse broadening and
chirping. In contrast, in the case of normal GVD, the red-shifted frequency
components generated by SPM near the leading edge are faster than the blue shifted
components generated at the trailing edge, which leads to an increased pulse
broadening and chirping rate, as Figure 4 shows.
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Reference:
[1 G. P. Agrawal Nonlinear Fiber Optics, Academic Press (2001).
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COMBINED EFFECTS OF GVD AND SPM ON MODULATIONAL INSTABILITY

Combined effects of GVD and SPM on

modulational instability

This lesson demonstrates that the propagation of a CW beam inside an optical fiber
is inherently unstable due to the interplay between the anomalous GVD and SPM.

The layout and the parameters are shown in Figure 1.

Figure 1 Layout and parameters
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COMBINED EFFECTS OF GVD AND SPM ON MODULATIONAL INSTABILITY

The CW Laser is used as a pump source (Figure 2). Its "Linewidth" is set to zero
because we are interested in the interaction between powerful CW radiation and a
weak broadband ("white") noise.

Figure 2 CW Laser parameters
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The EDFA is used only as a noise source (Figure 3). Its "Gain" is set to zero dB, which
means that the power of the input signal from the laser is left unchanged and some
noise is added to it to form the "CW signal + white noise" combination at the input of
the optical fiber. The Y-polarization (associated with the noise, since the signal from
the laser is X-polarized, but the noise is unpolarized) has been filtered out. This is
done for the following reason: at the beginning of each simulation, the optical fiber
component checks the polarization state of the input signal.
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Figure 3 EDFA parameters
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If two polarization components are detected, the vector model is used, regardless of
the choice made under the "Main" tab of the fiber component (see Figure 4). The
vector model takes twice the time necessary for a scalar simulation. The setup for the
optical fiber component is shown in Figure 4.

Figure 4 Optical fiber component parameters
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Figure 5 shows the input and output fiber spectra.

Figure 5 Fiber input and output spectra with resolution bandwidth of 0.04nm
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It can be seen that the noise components within a certain frequency band around the
pump are amplified [1]i.e. P(Q, L) = P(Q, 0)exp(g(QQ)L).

The gain g is given by [1]:

2 2.1/2
() = IB,Q(Qe- Q) B, <0 0
0, B,>0
where
2 4P . . .
QC = |Bz‘ and Q) is the noise frequency shift with respect to the pump frequency.

Gain Equation 1 is maximum at two frequencies (see Figure 5) given by:
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In the case detailed in this lesson:

n -20
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Essentially, the same value is obtained from Figure 5. The value of the gain at this
frequency shift from Equation 1 is:

6)

L =g(Q,,)L =2yP,L =2x1307x0.1x50 = 13.07,

gmax max)

where L is the fiber length.

Therefore, in dB units, the amplification at this frequency is:
G = 101g(exp(gL)) = 56.7dB @

From Figure 5, the output power level at this frequency is P(€2, ., L) = -38dBm,
while the input noise power is frequency independent and is P(L = 0) =~ -92dB,

which gives 54dB for the peak amplification.



COMBINED EFFECTS OF GVD AND SPM ON MODULATIONAL INSTABILITY

2
Figure 6 Fiber output spectrum with dispersion parameter of 3, = 20ps™/(km)
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Figure 6 gives the output spectrum as obtained when the value of the GVD parameter
2
was setto P, = 20ps~/km (normal GVD).
In accordance with Equation 1, no amplification is evident in this case.
Reference:
[1] G. P. Agrawal Nonlinear Fiber Optics, Academic Press (2001).
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Notes:
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PMD-INDUCED BROADENING OF ULTRA-SHORT PULSES

PMD-induced broadening of ultra-short pulses

This lesson demonstrates the broadening of a "very short" (Dirac d -shaped) pulse
caused by polarization mode dispersion (PMD). It also shows that the probability
distribution function of the differential group delays between the principal states of
polarization generated by the component agrees well with the Maxwellian one.

The "coarse step" method [4], [5] with fiber segments with variable length [6] is used.

This example is an illustration of the low coherence model (see e.g. [3], [7], [8]) i.e.
the definition of PMD that neglects the coherence of the light. Let (¢, z) be the time-
dependent intensity at position z along a fiber with high polarization mode coupling,
when a short (with respect to the polarization mode delay) pulse is launched. The
following expression for the RMS width of the pulse exists [1] - [3]:

2,2
2 Ah (22 ( 22)) Q)
= — (== _ 1+ £z
(A1) >\ I +exp p

where

(P10, 2yar ([ert, 2y ’
- B

16, 2ar \J1t, 2yae

2

is one half of the difference of the group delays per unit length between the fast and
slow axes of the fiber and / is the mean coupling length.

In the limit z >> A (high polarization mode coupling) /(z, z) is close to Gaussian,
At is its full width and Equation 1 becomes:

(A1) = A%hz @

The PMD coefficient parameter in the optical fiber component (DPMD) is
(Dpyp) = 20N,

The layout is shown in Figure 1. Figure 2 gives the parameters of the pulse generator
and the optical fiber components. Note that all the effects, except PMD, have been
disabled in the setup of the optical fiber component.
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Figure 1 Layout parameters and layout

Layout 1| Paramebers

Labet lLaynl..H

{|Signals | Meise | Signal racing I

Hame [ Valug | unite | Mode

Simulation window St bit rate { el

Reference bit rate =3
Bit rafe |

Time window

Sample rate

1 Moeroar

0000000000 | BAs's

0F.

Add Param...

Pl

Femove Par

Seguence length

Samples per bit

Humber of samples
Herations | 13

Edt Para

d

/]

Optical Time Domain “=ualizer

-

)

Uzer Defined Bit Sequence Generator Sech) Pulse Generator
Bit rate = Bit rate Bitsts

A ——

Fraquency = 193.1 THz Length = 200 km

Pawer =0 d8m

P

Optical Spectrum Analyzer

/A

Optical Time Domain ‘Jdsualizer_1

Manlinear Dispersive Fiber Tatal Fiald

-

Optical Spectrum Analyzer_1

In this case, the pulse width plays the role of the source coherence time. Since the
pulse width (FWHM) is initially 50 fs (the coherence time of a typical LED is in the
order of 60 fs), and the differential group delay (the half-width of the Gaussian
distribution) after 200 km of propagation is several picoseconds, we are well within the
limits of applicability of the low-coherence model.
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Figure 2 Parameters of pulse generator and nonlinear dispersive fiber
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Figure 3 illustrates Equation 2 for one and same PMD coefficient

(Dpyp = 0.5ps/ «/km ) and fiber length (200km) but for different coupling lengths.
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The obtained dependence of the pulse RMS width has been fitted with a square-root
function:

D..
Av = S

with the fitting given in each case (Figure 3). It can be seen that Equation 2 and the
obtained results agree well when the number of scattering events is sufficiently large.

Figure 3 lllustration of different coupling lengths
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Figure 4 gives an idea about the importance of the variable scattering section length
(non-zero scattering section dispersion) [6]. While in the case of N identical scattering
segments only N delay times (or partial pulses) are produced, when non-zero value
for the dispersion of the s%pttering length is used, the number of delay times (partial
pulses) is increased (to 2 '), according to [6].

Figure4 L . = 10km o ., = O (top) G, ,,, = 2km (bottom). Fiber length is 200km
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Note: Twenty “partial” pulses (or delay times [6]) are evident in the case of fixed
scattering section lengths.

Figure 5 Intensity distribution after 200km of propagation
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Figure 5 gives an example about the output intensity distribution used to calculate the
curves shown in Figure 3.
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Figure 6 DGD of a fiber (left) with histogram (right)
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Note: For a comparison, the Maxwellian distribution corresponding to the
expectation value of the DGD ( (A1) = D.JL)is also shown. The values of the
parameters are:

s

D = Osf/\/l;;n;’ Lscatt -
Next we concentrate on the statistical properties of the PMD simulation module of the
optical fiber component. This set of results (Figure 6 and Figure 7) pertains to the
high-coherence model (see e.g.[3], [9]), based on the concept of principal states of
polarization (PSP). The probability distribution function of the differential group delays
(DGD) between the PSP is Maxwellian (see e.g. [8]). Jones matrix eigenanalysis [10]
is used to calculate the DGD between the PSP of the fiber as a function of the carrier
wavelength of the signal. The results for this dependence, together with the
histograms obtained from the data, are displayed in Figure 6 and Figure 7.

= 10m, L = 200km

The theoretical (Maxwellian) distribution functions, corresponding to the expected
value of the DGD (At) = DJZ (in the case of strong polarization mode coupling,
i.e. fiber length much bigger than the coupling length) are also shown. The histograms
agree well with the Maxwellian distributions. Increasing the number of DGDs
(increasing the wavelength range) makes the agreement even better (Figure 6,

396 DGDs, and Figure 7, 1299 DGD's).
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Frequency

Figure 7 DGD of a fiber (left) with histogram (right) with different parameters
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The impact of the variable scattering section length on the PMD statistics can be
demonstrated by the following example. The system considered (RZ, 40GB/s) is
presented in Figure 8.

Figure 8 Variable scattering length impact on PMD statistics—Layout and parameters
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The thermal noise parameter of the photodetector is set to 3 x 10_20 W/Hz.Inthe
optical fiber component all the effects except PMD are disabled, and the reference
wavelength is set to 1550nm.

Note: In order to study the PMD statistics (probability distribution functions), the
reference wavelength must be fixed ("User defined reference wavelength
parameter" in the Optical fiber component must be set to TRUE). Otherwise, the
PMD-induced system penalties will not show any dependence on the carrier
wavelength of the signal. On the equivalence between ensemble averaging and
spectral averaging (see e.g. [7]).

The results for the Q-factor of the system, as a function of the carrier wavelength
calculated with both fixed and variable scattering section length is shown in Figure 9.
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Figure 9 Q-factor as function of carrier wavelength with fixed and variable scattering section length
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In the case when fixed scattering section length is used, the Q-factor is a periodic
function of the wavelength. No such periodicity appears in the case of variable
scattering section length calculation. The observed periodicity in the first case is
related to the spectral periodicity of DGD between the PSPs of the fiber (see e.g. [11]).
The period of the latter is the inverse DGD induced by a single scattering section [11]
and its value agrees well with the results presented in Figure 9. When working with
fixed scattering section length, the spectral interval covered by the simulation must be
smaller than the spectral period of the DGDs (the inverse of the DGD induced by a
single scattering section) to ensure the statistical independence of the collected data.
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VALIDATION OF FWM EFFECT

Validation of FWM effect

This tutorial demonstrates the validity of the FWM algorithm, as well as providing the
user with some useful designing tips for optimizing simulation time and accuracy.

The layout in was used to obtain results, and can be found in the sample file
FWM Validation.osd

Figure 1 FWM project layout
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In the two CW Lasers, the frequencies are set to 1540 and 1540.5 nm, power set to
0 dBm, and the linewidth set to 0 (see Figure 2). The linewidth is set to 0 is because
we are only interested in measuring the total power of the sideband frequencies, so
the shape of the spectrum is not required.

The channels were then multiplexed together using a 2x1 Mux.

Atfter the Mux, the signals are propagated through 75 km of nonlinear fiber, where they
experience the effects of Attenuation, Group Velocity Dispersion (GVD), and FWM.

The setup for the SMF-28 fiber component can be see from Figure 3 through to
Figure 6.
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Figure 2 CW Laser properties dialog box
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You can see in Figure 3 that the input and output coupling efficiencies are set to 0.

Figure 3 SMF-28 fiber properties dialog box—Main tab
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In Figure 4, the GVD parameter was set to 1 ps/nm/km, so that it follows the example
in [1].
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Figure 4 SMF-28 fiber properties dialog box—Dispersion tab
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2
In Figure 5, you will see that the Effective Area was setto 64", and the 7,
constant to 4.3286e-21.

The n, constant was calculated using the following equation:

1
n, = 48n2x1111/nzc W

where ¥ is the third-order nonlinear susceptibility, 7 is the refractive index, and
¢ is the speed of light.

Now, X111y = 6e—15m>/W/s,n = 1.48,c = 3e8m/s.
Therefore,

ny = 481y /nc = 48(3.14)*(6e — 15)/(1.48)°(3¢8) = 4.3286¢e-21
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VALIDATION OF FWM EFFECT

Figure 5 SMF-28 fiber properties dialog box—Nonlinear tab
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Figure 6 SMF-28 fiber properties dialog box—Numerical tab
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If you calculate the project, you will obtain the results see in Figure 7 and Figure 8.
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Figure 7 Input optical spectrum

E
= i ' |n =
& Optical Spectrum Analyzer Signal Index: =]
Dbl Click On Objects to open properties. Move Chjects with Mouse [ Luto Set |
—'Wwavelength

Urits: |

Conter |1.5403:006 | m

-10
I

Stat [1.5388=006 | m

-30

il

Stop: [15417e006 |

-50

—Amplitude————————

Power (dBm)

Units: | dBm A

INl Moise [Parameterized [Sampled

Maw [2.0972 dBm

11

Min: |-108.1 dBm

-a0

A Reszolution Bandwidth—

1.539p 1.54p 1541 p Fes: |0.01 i
‘Wavelength (m)

Power f, Power X} Power v f

i

Figure 8 Output optical spectrum

K|
=
- . o =1
o E] Optical Spectrum Analyzer SignlIndex: | =
z Dl Click On Ohjects to open properties. Move Objects with Mouze [ Auto Set |
£
E —Wavelength
o4
N Units: Im "I
T
'% Center: I'I 5403006
o (=N
el @ Star: [15298=008
Fid
| = | ‘E- Stop: |1.541?B-UDE m
2 |85
= E — Amplitude
I & o1 Urits: IdBrn vl
b I'B-'I'IM dBm
=l Mir: I"IUE-88 dBm
X
A~ Reszalution Bandwidth—
1539 154p 1541 p Fes |D.D1 -
Wavelength (m)

anrﬂ Pouyer X )\ Prouyer ' /

If you zoom in on the FWM sidebands, you will find that the power is approximately
-72.7 dBm, compared to -72.3 as predicted by [1].
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Reference:
[1] G. Keiser, Optical Fiber Communications 3rd Edition, Example 12-8. pp. 499, (2000)
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STIMULATED RAMAN SCATTERING

Stimulated Raman scattering

This lesson demonstrates the light amplification caused by the stimulated Raman
scattering effect. The layout and its global parameters are shown in Figure 1.

Figure 1 Layout and global parameters
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Figure 2 shows the setup for the optical fiber component.

Figure 2 Setup parameters
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STIMULATED RAMAN SCATTERING

The spectrum of the input signal consists of a strong pump monochromatic wave
(100 W) at 1550 nm and a weak (-99 dBm) Stokes wave at 1640 nm (10 THz Stokes
shift) (see Figure 3).
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Figure 3 Input signal spectrum
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Figure 4 gives the output spectrum. The weaker (low frequency) spectral component
is amplified and the gain is G=99-61.7=37.3 dB.

Figure 4 Output signal spectrum
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Raman gain coefficient is given [1] by:

1 1

g = 20pIm(i111(0,~ ) = 2x1.307| o] X 0.18 x 0.91 = 04281732 1 |
ince: 1 10THz)) ~ 0.91 and y = 27y 1307 ——1 121,13
since:Im( 1, ( z))~ 091 andy = KAeﬁPN . |:ka} [2], [3].

The Raman gain (in dB) is then G = 10log(exp(gPL)) = 37.2dB, where P is
the pump power and L is the fiber length.
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References
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Notes:
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STIMULATED RAMAN SCATTERING—SEPARATED CHANNELS

Stimulated Raman scattering—Separated
channels

The purpose of this lesson is to demonstrate light amplification resulting from the
stimulated Raman scattering effect.

The layout with its global parameters is shown in Figure 1

Figure 1 Layout and global parameters
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STIMULATED RAMAN SCATTERING—SEPARATED CHANNELS

The input spectrum (Figure 2) consists of a strong (pump) wave at 193 THz (100W)
and four weak (probe) waves at frequencies 188 THz, 183 THz, 178 THz and
175.5THz. The powers of the probe-waves are all equal to -99dBm.

Figure 2 Input spectrum

Power (dBm}
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i
i
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Frequency (Hz)

The fiber parameters are relevant to SMF-28 and are specified as "wavelength
dependent” (from data files). Constant step-size is used with the maximum nonlinear
phase shift equal to 55nrad and the nonlinear refractive index is:

ny, = 2.6 x 10720HLW

The fractional Raman contributionis p = 0.18.

The output spectrum (after 200m of propagation) is shown in Figure 3.
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STIMULATED RAMAN SCATTERING—SEPARATED CHANNELS

Figure 3 Output spectrum
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The gains obtained from Figure 3 are summarized in Table 1.

Table 1 Numerically obtained dependence of the gain on the probe frequency.

Probe frequency [THz] Gain [dBm]

188 16.252
183 34.106
178 45.02
175.5 9.5635

The pump power is 100W and the pump frequency is 193 THz. Fiber length is 200m.

On the other hand, the gain coefficient is given by:
g(vy) = 2y,pIm(yy111(v, = vy)) @

and using the fiber data, it is shown that the numerical results are in agreement (see
table 2) with the formula in [1].

203 ( ‘,
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Table 2 Analytically obtained results for the gain.

Flgr::]e frequency [Im (%111 (v, = v)| Y, [1/kmW] G = 10log(exp(gPyL))[dBm]
188 4.045951e-001 1.28445 16.250

183 9.114571e-001 1.19659 34.103

178 1.251922e+000 1.149963 45.017

175.5 2.678715e-001 1.133812 9.496

Figure 4 Same asFigure 3, but the pump and one of the signals are converted to "parameterized".

Power (dBm}

100
S

180T 190 T
Frequency (Hz)

Note that the same results can be obtained in this using arbitrary configuration of
sampled and parameterized signals. Figure 4 shows the same output spectrum (as
Figure 3) however the pump and one of the signals are converted to parameterized
signals. The numerical values of the gain for each signals (parameterized or sampled)
are one and same. Calculations with parameterized signals are faster; however
replacing the sampled signals with parameterized is not always possible.

Reference:
[1 G. P. Agrawal, "Nonlinear fiber optics", Academic press, 3rd edition, 2001 Chapter 8.
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SPM-INDUCED SPECTRAL BROADENING

SPM-induced spectral broadening

This lesson demonstrates the basic effects of self-phase modulation (SPM) on pulse
propagation. These include:

* Pulse chirping
* Pulse spectral broadening

The effects SPM of are described by [1]:

OF _

2
v|ElI“E (1)
pn iy|EI"E ,

where E(z, t) is the electric field envelope, and the parameter y is given by:

@)

In Equation 2, ®,, is the carrier (or reference) frequency, 1, is the nonlinear-index
coefficient and Aeff is the effective core area [1].

The straightforward solution of Equation 1:
E(z,t) = E(z = 0,t)exp(i|[E(z = 0, 1))

shows that the pulse shape (i.e.|E(z, t)|2 = |E(z =0, t)|2 ) remains unaffected by
SPM. The temporarily varying phase p,; = |E(z =0, t)|2z implies that the
instantaneous optical frequency across the pulse is different from the carrier
frequency . The frequency difference S (7) is given by [1]:

Oz

ot

and the time dependence of dw(¢) is referred to as frequency chirping. While the

So(f) = —

action of GVD also yields pulse chirping, the chirp associated with SPM has an
entirely different origin - in the latter case, new frequency components are generated
that result in spectral broadening, while the spectrum remains unaffected by GVD.

To demonstrate the effect of SPM we can use the following layout (Figure 1). In the
Nonlinear Dispersive Fiber Total Field component properties, we disable all the effects
except SPM (see Figure 2).
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SPM-INDUCED SPECTRAL BROADENING

With the values of the parameters shown in Figure 2, the value of
. ~1 -1
vy isy = 1.317W km .

Figure 1 Layout of SPM induced spectral broadening and parameters
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SPM-INDUCED SPECTRAL BROADENING

Figure 2 Setting the "nonlinearities" tab to observe the effects of SPM
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With the pulse peak power equal to 10 mW and the fiber length to 10.73 km, the
obtained results are shown in Figure 3. The pulse shape remains unchanged and the
output pulse is chirped. Note that the sign of the chirp is reversed compared to the
case of dispersion-induced pulse chirping in the case of anomalous GVD.

Figure 3 Input (left) and output (right) pulse shape and chirp with propagation distance of 10.73 km
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In Figure 3, the leading edge of the pulse becomes red-shifted and the trailing edge
of the pulse becomes blue-shifted. If the effects of anomalous dispersion were
present, with the chirp induced by SPM some pulse narrowing would occur. This
means that the effect of SPM counteracts GVD.
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To see the SPM induced spectral broadening let us introduce the quantity

Crax = yPoz where Po is the peak power. Figure 4 shows the spectra for an
unchirped Gaussian input pulse for several values of the maximum phase shift.

The effects of SPM-induced chirping and spectral broadening are related [1].
According to Figure 3, the same chirp occurs at two values of ¢ which means that the
instantaneous frequency is one and same at two distinct points. These two points
represent two waves of the same frequency that can interfere constructively or
destructively producing, thus, the oscillatory structure of the pulse spectrum.

Figure 4 SPM broadened spectra for an unchirped Gaussian pulse
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SPM-INDUCED SPECTRAL BROADENING

The SPM induced spectral broadening depends on the pulse shape and on the initial
chirp. The dependence on the pulse shape is shown in Figure 5 where the output
spectra of Gaussian and super-Gaussian (third order) pulses are presented for

= 4.5mn:

(pmax

Figure 5 SPM broadened pulse spectraat ¢,, . = 457
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References:
[1 G. P. Agrawal Nonlinear Fiber Optics, Academic Press (2001).
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XPM-INDUCED ASYMMETRIC SPECTRAL BROADENING

XPM-induced asymmetric spectral broadening

The purpose of this lesson is to demonstrate the asymmetric spectral broadening
caused by XPM.

The layout along with the global parameters are shown in Figure 1.

Figure 1 Layout and global parameters
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The input consists of two superimposed Gaussian pulses [1] (Figure 2).

Figure 2 Superimposed Gaussian pulses
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XPM-INDUCED ASYMMETRIC SPECTRAL BROADENING

The carrier wavelengths of the pulses are A; = 1487.4nm and A, = 1600nm ,
and the corresponding peak powers are P; = 749.05W and P, = 1498.1W.
Pulse duration (FWHM) is 0.5 bit (12.5ps). The fiber group delay, effective area are
relevant to those of SMF-28 and are specified as "wavelength dependent”.

The nonlinear refractive index valueis n, = 2.6 x 10_20m2/ W . Constant step size

(50 mrad) is used. The effects of GVD are not taken into account. The output (after
20.9m, corresponding to five walk-off lengths) is shown in Figure 3.

Figure 3 Output
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XPM-INDUCED ASYMMETRIC SPECTRAL BROADENING

The spectral asymmetry is caused by XPM. For the Pulse "1" (at 1487.4 nm) the
asymmetry is more pronounced because the XPM is stronger for this pulse

(P, = 2P)). Since the XPM induced spectral broadening depends on the sign of
group velocity mismatch, the spectra presented in [1] are "mirror" images of those
presented in Figure 3 since the latter are obtained in the anomalous GVD region
(infrared) while those presented in [1] correspond to the visible region (normal GVD).

Figure 4 Output probe spectra
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The time delays between the faster (pump) pulse and the slower (probe) pulse are
equal to 0 ps (1), 15.014 (2) ps and 30.028 (3) ps.

q ‘, 306



XPM-INDUCED ASYMMETRIC SPECTRAL BROADENING

Figure 4 demonstrates the spectral broadening, caused by XPM, induced by a strong
"pump" pulse on a weak probe. To achieve this effect, the following changes are
applied to the design layout.

The peak of the faster, (pump) pulse at A; = 1487.4nm is set to 1872.63 W. The
fiber length is made equal to four walk-off lengths, or, 16.77 m. The power of the probe
pulse (at 1600 nm) is set to a value much smaller than that of the pump pulse (0.06W).
Figure 4 shows the output probe spectra for three different value of the initial time
delay between the probe and the pump. The faster (pump) pulse is delayed with
respect to the slower (probe) pulse. There is a good agreement between the results
presented in Figure 4 and [1].
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KERR SHUTTER

Kerr shutter

*ﬁ

The purpose of this lesson is to demonstrate that the Kerr effect in optical fibers can
be used to produce ultra-fast all-optical switch (shutter).

Figure 1 Layout and global parameters
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Figure 1 shows the layout and the global parameters.

Figure 2 gives the field configurations. Powerful pump beam, polarized along one of
the fiber axis co-propagates with a weak "probe" beam at different frequency linearly
polarized at an angle of 45 degrees with respect to a fiber axis. In the absence of the

pump, a crossed polarizer blocks the probe beam.
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Figure 2 Field configurations
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Considering CW conditions, and in the presence of the pump beam, the equations for
the £y and Ey components of the probe beam are [1].

OEy 2 2,2 2

X (| 2 e + 2 By )
OEy 2,2 2 2

= ir( |y + 21, + 2]E,| )Ey

Neglecting the probe power with respect to that of the pump, the solutions of (1) are:

()
Ez) = |—Zz}l‘exp@iq(Poz)
“/i @)
E 2.
Ey(z) = %exp(gzyPoz)

As shown in Equation 2, the two components of the probe beam acquire different
phase shift during their propagation, and consequently, the polarization state of the

probe beam changes (from linear to elliptic) and the probe is partially transmitted
through the polarizer.
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The transmitted power is given by:

Ex—Ey?

J2

Using Equation 2, Equation 3 can be transformed to:

— 3
P, = @)

2
P, = |E"] sinz(gyPoL) “

where L is the fiber length. Since the probe and the pump are at different frequencies
the pump power transmitted through the polarizer can be easily filtered out.

Figure 3 Probe transmission coefficient as function of pump power
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Figure 3 shows the probe transmission coefficient as a function of the pump power as
obtained from Equation 4 and from the simulation for y = 1.284 W km™ and

L = 50m.

The power dependent transmission coefficient of the device (Equation 4) can be
exploited for ultra-fast optical switching and gating, since the fiber nonlinearity is of
electronic origin and its response time is very low.
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Figure 4 shows a device that performs signal sampling at specified times by a Kerr
shutter. Note that here we neglect the fiber birefringence and the fact that the group
velocities are different for the pump and probe frequencies.

Figure 4 Signal sampling at specified times by a Kerr shutter
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The probe (or "signal") at 188THz is shown in Figure 5.

Figure 5 Probe at 188THz
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KERR SHUTTER

Figure 6 Pump at 193 Thz
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The pump (at 193 THz) consists of a sequence of short pulses (Figure 6).

Figure 6(a) shows the spectrum of the input signal (pump and probe).

Figure 6(a) Spectrum of input signal
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KERR SHUTTER

Each pump pulse opens the shutter and the device becomes transparent for the
signal at 188 THz. The output appears in the form of "samples" exactly at times
corresponding to the location of each pump pulse, as Figure 7 shows. Note that the
filters have blocked the pump.

The ultra-fast switching properties of the Kerr-gate can be used for optical imaging in
medicine (see [2] and the references therein). Light reflected from the tissue (a
strongly scattering medium) is then passed through a Kerr shutter in which (nonlinear)
birefringence is induced by short infrared pulses. By recording the light transmitted
through the shutter, electronically or by using conventional photography, the shutter
enables time-gated images to be acquired with a temporal resolution of a few
picoseconds. High-resolution images through scattering (turbid) media may be
obtained by selectively sampling the transmitted photons with the shortest flight times
(i.e. the least scattered photons).

Figure 7 Results
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References:
[1 G. P. Agrawal, "Nonlinear fiber optics", Academic press, 3rd edition, 2001.
[2] Jeremy C Hebden, Simon R Arridge and David T Delpy Phys. Med. Biol. 42 (1997) 825-840.
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BIDIRECTIONAL FIBER AND RAMAN DESIGN

Bidirectional fiber and Raman design

The objective of this lesson is to demonstrate a distributed Raman fiber design.
Initially, the system described in Figure 1 was designed.

The system consists of 64 channels at 10 Gbits/s propagating for a 50 km SMF-28
fiber. The attenuation in the fiber is compensated by the Raman amplification due to
the 4 backward laser pumps launched in the input port 2.

Figure 1 System layout
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Optical Spectrum Snalyzer 2

[

Optical Spectrum Anakyzer_1

The 64 channels are spaced by approximately 100 GHz and go from 1548.92 nm to
1562.4 nm. The input power is -17.44 dBm/channel.

There are 4 pumps and the pump powers and wavelengths were chosen using the
optimization tool and the Raman Amplifier-Average power model instead of the
Bidirectional Fiber to guarantee a faster optimization.

Figure 2 shows the input power spectrum at the input port 1 in the fiber (left input port).
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BIDIRECTIONAL FIBER AND RAMAN DESIGN

Figure 2 OSA at the Fiber input port 1
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After simulating the system, the output spectrum is shown in Figure 3.
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BIDIRECTIONAL FIBER AND RAMAN DESIGN

Figure 3 OSA at the Fiber output port 2
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As we can see in the WDM analyzer (Figure 4), the average gain in the fiber was 1.27

dB and the gain flatness was 1.5 dB.

Figure 4 WDM Analyzer
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Notes:
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Optical receivers

The first portion of this section provides introductory information about Modulation formats.

The remainder of the section contains the following advanced and illustrative simulation projects:

« Extracting the thermal noise parameter for a specific receiver sensitivity
* Receiver noise—PIN

* Receiver noise—Shot noise enhancement with APD

* Receiver sensitivity—Bit error rate (BER)

* Receiver sensitivity—Minimum input power

»  Sensitivity degradation—Extinction ratio

+ Signal degradation—Jitter

» Electrical PLL
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MODULATION FORMATS

Modulation formats

The first step in the design of an optical communication systems is to decide how the
electrical signal should be converted into an bit stream. There are two typical choices
for the modulation format of the signal:

» return-to-zero (R2)
* nonreturn-to-zero (NRZ)

Examples of the modulation formats are shown in Figure 1.

Figure 1 Modulation Formats
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In the RZ formats, each pulse representing bit 1 is shorter than the bit slot, and its
amplitude returns to zero before the bit duration is over (see Figure 3). In the NRZ
format, the pulse remains on throughout the bit slot and its amplitude does not drop
to zero between two or more successive 1 bits (see Figure 2). As a result, pulse width
varies depending on the bit pattern, whereas it remains the same in the case of RZ
format.
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Figure 2 NRZ - Time

= Oscilloscope Visualizer
£ ]
=+
]
3 E]
m o1
T B
Lo
- i
E e
BT
oL ]
£l
o1
=g
o i
1n 4n n 10n 13n
Time (s}
Figure 3 RZ - Time
= Oscilloscope Visualizer
N R | | R RN | '
£
-+
%.
FE]
E5T
L]
£3]
= 4
E £
BT
o ]
£
-+
R.
o ' i ] I I I IS TR TR T T I 'S TN WO T T
an 5n in 9n 11n 13n
Time (s)

( A, 322



MODULATION FORMATS

An advantage of the NRZ format is that the bandwidth associated with the bit stream

is smaller than that of the RZ format by about a factor of 2, because on-off transitions
occur fewer times (see Figure 4 and Figure 5).

Figure 4 NRZ - Frequency
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Figure 5 RZ - Frequency
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Notes:
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EXTRACTING THE THERMAL NOISE PARAMETER FOR A SPECIFIC RECEIVER SENSITIVITY

Extracting the thermal noise parameter for a
specific receiver sensitivity

In this tutorial, we provide a basic example of Goal Attainment optimizations. In this
example we will use the optimization tool in the context of parameter extraction.
Thermal noise parameter of PIN will be extracted to get a receiver sensitivity of -17
dBm.

The design layout is shown in Figure 1. The transmitter power is selected to be 0 dBm.
The bit rate is 10 Gbps and average received power is about -17 dBm when
attenuation is 14.5 dB.

Figure 1 Project layout for the extraction of thermal noise parameter of PIN
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EXTRACTING THE THERMAL NOISE PARAMETER FOR A SPECIFIC RECEIVER SENSITIVITY

Setting up the optimization

To set up the optimization, complete the following procedure.

Step
1

7
8
9

Action

In the Optimization dialog box, Optimization Name field, type Receiver
Sensitivity.

Select Optimization Type: Goal Attaining.
Set the Result Tolerance to 0.6.

On the Parameters tab, select Thermal noise parameter: PIN from
Parameters list, and add it to Selected list.

Set Minimum and Maximum values to 1.0E-25, 1.0E-21 respectively.

On the Results tab, select Max. Q Factor of BER analyzer from Results list
and add it to Selected list.

Set Target Value to 6.
Close the Optimizations dialog box.

Run the optimization.

After about 3 passes, the optimizer will find the Thermal noise parameter to geta Q
factor of 6 when received average power is -17 dBm. The proper Thermal noise is
found to be 5E-22 W/Hz. The eye diagram in this case is shown in Figure 2. Figure 3
shows the Max. Q factor, respect to received power. This figure is obtained by
sweeping the transmitter power from -3 dBm to 4 dBm.

Figure 2 Thermal noise factor of PIN is 5E-22 W/Hz with received average signal power -17 dBm
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EXTRACTING THE THERMAL NOISE PARAMETER FOR A SPECIFIC RECEIVER SENSITIVITY

Figure 3 Max. Q factor vs. received power
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RECEIVER NOISE—PIN

Receiver noise—PIN

There are two fundamental noise mechanisms in a photodetector:

« shot noise

* thermal noise

Receiver Shot and Thermal noise.osd details the signal degraded by thermal and

shot noise in the PIN photodetector. The low-pass filter has a cutoff frequency with the
same value as the bit rate.

Figure 1 Receiver Shot and Thermal noise

e it el el el o R e Kl st Sl el Tt ek el ke s el f e e Kl sl e Fl e sl ot Sk e el ==
010.. = 550 5l oA oo ol ol o A o g =T
! : 110 o |
PRES H Pulze Generator ' Data Recowery
Bit rate = Bit {ate Bitsis i !
E : -
: el Fitter
J\"*'?! T E = 5 T ' § E-"— T \‘* = Cutoff frequency = Bit rate Hz
— ; o Photodiode
Laser H Madulatar 1 menuatg.r [ Thermal noise =0 WiHz
Frequency = 193.1 THz ' ‘-""“3"?” = Fdd shot noize = TES
Power =0 dBm 1 1
5 5 I N e
H E{ Optical Power hdeter hsualizer 1.0
1 oy e e g g -1 g e g P ]
8 e 0 e e s Hie:
SR o EERETR
H Data Recowery
ks ==
) =
Filter
Photodiode Cutoff frequency = Bit rate Hz

Thermal noise = 1.85-025 WHz
Add shot noise = NO

The upper system has the photodetector without thermal noise; the only noise
generated at the output is the shot noise. In Figure 2, you can see that the shot noise
is signal amplitude dependent.
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RECEIVER NOISE—PIN

Figure 2 Receiver Shot noise
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The lower system has the photodetector with shot noise; the only noise generated at
the output is the thermal noise. In Figure 3, you can see that the thermal noise is
signal amplitude independent.

Figure 3 Receiver thermal noise
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RECEIVER NOISE—SHOT NOISE ENHANCEMENT WITH APD

Receiver noise—Shot noise enhancement with

APD

Optical receivers with APD generally provide a higher SNR for the same incident
optical power. The improvement in the SNR is due to the internal gain that increases

the photocurrent by the multiplication factor M.

Figure 1 Receiver PIN x APD
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The APD photodetector systems (see Figure 2) has a Q factor higher that the one with
PIN photodetector for a multiplication factor of 3 (see Figure 3).
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RECEIVER NOISE—SHOT NOISE ENHANCEMENT WITH APD

Figure 2 APD Q Factor
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If we increase the multiplication factor, there is a point at which the shot noise
degrades the system performance, therefore, it is important to find the optimum APD
gain.
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RECEIVER NOISE—SHOT NOISE ENHANCEMENT WITH APD

If you run the same simulation and vary the value of the multiplication factor, you can

see the evolution of the Q factor in Figure 4.

Figure 4 Q factor x APD Gain
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For a gain higher of 16, there is no advantage to using the APD, because it will not

improve the receiver sensitivity.
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Notes:
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RECEIVER SENSITIVITY—BIT ERROR RATE (BER)

Receiver sensitivity—Bit error rate (BER)

The performance criteria for digital receivers if governed by the bit-error-rate (BER),
defined as the probability of incorrect identification of a bit by the decision circuit of
the receiver. Receiver BER - Q factor.osd shows the BER and Q factor at the
data recovery stage for different values of input power.

Receiver BER - Q factor

If you change the signal input power, you can calculate Q Factor and BER versus
attenuation, in addition to BER versus Q factor (see Figure 1 for Maximum Q factor
vs. Attenuation, Figure 2 for Minimum BER vs. Attenuation, and Figure 3 for minimum
BER vs. Maximum Q factor).

Figure 1 Q Factor x Attenuation
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RECEIVER SENSITIVITY—BIT ERROR RATE (BER)

4

Figure 2 BER x Attenuation

Min. BER

=
HH

=] Min. BER vs. Attenuation
Left Button and Drag to Select Zoom Region. Press Control Key and Left Mouse Button To Zoom Cut.
.
24
&
oo
24
&
o
g1
B8
@
[
o
2]
&
=l
&
o
I=H8
&1
3 3 3
Attenuation
Figure 3 BER x Q Factor
=] Min. BER vs. Max. Q factor

Left Button and Drag to Select Zoom Region. Press Control Key and Left Mouse Button To Zoom Cut.

07 1e-006 1e-005 0.0001 0.001

=
H-H

= = =
H-H HH HH

=
H—HH

3 4 5 =1
Max. O factor

338




RECEIVER SENSITIVITY—MINIMUM INPUT POWER

Receiver sensitivity—Minimum input power

This example shows the minimum optical power that a receiver needs to operate
reliably with a BER below a specific value (see Figure 1). In this example, you
calculate this input power by targeting a BER of 107, a Q factor equal to 6 for a PIN
photodetector, and an APD.

Figure 1 Receiver Min. Received Power
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This example shows that the receiver sensitivity by using the PIN -32.8 dBm (see
Figure 2) and the APD with a gain equal to 3, the sensitivity increases to -41.4 dBm
(see Figure 3).
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RECEIVER SENSITIVITY—MINIMUM INPUT POWER
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RECEIVER SENSITIVITY—MINIMUM INPUT POWER

Figure 5 EYE APD Receiver
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Notes:
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SENSITIVITY DEGRADATION—EXTINCTION RATIO

Sensitivity degradation—Extinction ratio

A simple source of power penalty is related to the energy carried by 0 bits. Some
power is emitted by transmitters even in the off-state. Sensitivity Degradation
- ER.osd includes an external modulated laser where you can specify the extinction
ratio at the modulator (see Figure 1).

Figure 1 Sensitivity Degradation - ER
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In this project we vary the value of the ER and we calculate the Q factor at the receiver
(see Figure 2).
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SENSITIVITY DEGRADATION—EXTINCTION RATIO

Figure 2 Q factor x ER
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SIGNAL DEGRADATION—JITTER

Signal degradation—Jitter
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Jitter is defined as the short-term variations of a digital signal's significant instants
from their ideal positions in time. Significant instants could be (for example) the
optimum sampling instants. Project Signal Degradation - Jitter.osd (Figure
1) demonstrates the setup for the 'Electrical Jitter' component. It requires an electrical
signals and the clock signal from the PRBS in order to estimate the signal bit rate.
Parameter sweeps are use to generate multiple eye diagrams for different values of
jitter amplitude and frequency.

Figure 1 Signal degradation from jitter
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ProjectMeasuring Jitter.osd demonstrates how to measure Jitter using the Eye
Diagram Analyzer histogram feature. Figure 2 shows the total jitter of an eye diagram,
measured at the eye cross point, as the difference between the time values of marks
A and B. Jitter is composed of two basic types: random and deterministic. In
OptiSystem we can use the Eye Diagram Analyzer histogram feature to generate a
histogram that shows the deterministic and random components of the jitter, as
depicted in Figure 3
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SIGNAL DEGRADATION—JITTER

Figure 2 Total jitter from the eye diagram
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ELECTRICAL PLL

Electrical PLL

The system demonstrates an electrical phase-locked loop.

Sample: EPLL.osd

The layout presented in the figure below is PLL system configured with a phase
detector, a low pass filter and a voltage controlled oscillator. This example shows the

response of a PLL to a sequence of pulses modulated in frequency to an electrical
carrier at 1GHz.

Figure 1 PLL system
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Since the single sample signals are used in this configuration, we can disable the
display messages in the calculation window, as demonstrated in the figure below and
the simulation will be faster.

Figure 2 Calculation window
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ELECTRICAL PLL

Oscilloscope Visualizer

After running the simulation, the following results were obtained

Figure 3 (a) Input sequence and (b) output sequence recovered by PLL

Cscilloscope Visualizer

fes

Oscilloscope Visualizer

Left Button and Drag to Select Zoom Region. Press Control Key and Left

300n S00n

Time (s)

700N

a00n

T
=
=
3
2
=1 4
2| -
2
= E
£
il 8
g
=
3
=S E
=3
= |E27
=|s
2
2
EE
E]
<3
E
£
g
=
100n
Amplitude

Signal Index: [0 =
AuiaSal

Time:

Units: |s A

¥ Automatic range

Start; [-51.196875000 o

Stop: |1.0751343752 ¢

Amplitude
I¥ Automatic range

Mae |1.05 au
Win |0.05 au

I Invert Colors
[ Colar Grade

Signal

Signal-+hloise Noise

[ sn

FE Oscilloscope Visualizer - Output
Left Button and Drag to Select Zoom Region. Press Control Key and Left

€
o
=
€
o
e

2£]

E5

2

Be

<27
=
£
=
2
= g s e g b !

o 200n 400 n BO00 R 800n 1p
Time ()
Amplitude

Signal Inderc |0 =
Auto Set

Time

Units: m
¥ Automatic rangs
Srae [TTERETE o

Stop: [1.0642694433 ¢

Amplitude

¥ Automatic range

Max, |0.5483438045 4,
Min:

0018350209 4.,

I Invert Colors
I Colar Grade

& 348

(@)

(b)



Doped optical fiber amplifiers

This section contains the following advanced and illustrative simulation projects.

* Analysis of Gain and Noise in Erbium doped fiber

*  Optimizing the EDFA gain for WDM lightwave systems
» Excited state absorption impact on EDFA performance
* lon-ion interaction effects

* Rayleigh backscattering in EDFA

* Inhomogeneous broadening in EDFAs

» Power transients in EDFAs

» Temperature dependence in EDFA

»  Ytterbium-doped fiber amplifiers

+  SPO optimization—System margin

+  SPO optimization—EDFA fiber length

+ EDFA — Basic concepts

»  Booster Amplifier

* Inline Amplifier

*  Preamplifier

*  Pumping requirements

« Transient Control in EDFAs

*  Amplifier Characteristics

*  Automatic Control Simulation

*  Erbium-doped Fiber Laser

* Reflective Amplifier

+ Split-Band Amplifier

«  Dynamic Amplifier Using Ytterbium-Doped Fiber

»  Gain Flattening Filter Optimization

+  Amplification of multiple modes in Er-doped multimode fibers
«  S-band amplification using Tm-DFA
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ANALYSIS OF GAIN AND NOISE IN ERBIUM DOPED FIBER

Analysis of Gain and Noise in Erbium doped

fiber

Figure 1

This lesson demonstrates the performance of an amplifier (gain and noise) based on
Giles and Desurvire [1] reference.
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The characteristics of noise and gain presented in Figure 4.b [1] are reproduced
through the system shown in Figure 1.

Figure 2 shows gain of pump and signal, and the power of backward and forward ASE
as a function of the pump power. The parameters used in this simulation are displayed
at Figure 1 and they are similar to the values presented in Table 1 [1], except for the
values of the absorption and emission cross sections. Nevertheless, the results found
are in good qualitative agreement with the paper.
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Figure 2 Amplifier gain and ASE power versus pump for an Er3+-doped fiber amplifier
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Note: Figure 2 equivalent to Figure 4 b) [1]

In this second case, the saturation effect of an amplifier is shown using two
wavelength multiplexed signals at 1545 nm and 1555 nm. The system layout is shown
in Figure 3 and the parameters used are similar to the parameters in Table Il [1].

Figure 3 Layout of the system used to demonstrate the saturation of the amplifier
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Figure 4 shows the gain compression in the two signals due to the increase in the
input power, causing the saturation of the amplifier.
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ANALYSIS OF GAIN AND NOISE IN ERBIUM DOPED FIBER

Figure 4 Output spectra of a two channel amplification of a saturated amplifier
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In the next case, the amplifier has two stages and a filter is inserted between the
stages (see Figure 5). The effects of the equalization in the ASE are demonstrated.

Figure 5 Layout of the system used to demonstrate gain equalization in the amplifier
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The EDF parameters used in this simulation are the same as in the previous case. A
filter centered at 1931 nm is introduced in the middle of the EDF in a way that
equalizes the gain of the two channels. Figure 6 shows the results with and without
the filter. This figure is equivalent to Figure 7 in [1].
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Figure 6 Amplifier gain-leveling with a filter centered at 1531 nm
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The results of this lesson demonstrated a qualitative agreement with the results
obtained by Giles and Desurvire in [1], considered to be one of the most important
references in the EDFA modeling.
Reference:
[1 C. Randy Giles, and Emmanuel Desurvire, "Modeling Erbium-Doped Fiber Amplifiers". IEEE

Journal of Lightwave Technology, Volume: 9 Issue: 2, Feb. 1991, Page(s): 271 - 283.
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OPTIMIZING THE EDFA GAIN FOR WDM LIGHTWAVE SYSTEMS

Optimizing the EDFA gain for WDM lightwave

systems

In this tutorial, we provide an example of the gain flatness optimization type. The gain
of the EDFA will be flattened by optimizing the fiber length and pump power.

One difficulty in implementing a WDM system including EDFA's is that the EDFA gain
spectrum is wavelength dependent. This effect results in SNR differential between
channels after passing through a cascade of EDFA's. Several method to correct this
gain non-uniformity are suggested, for example using internal [1] or external filters [2],
or thermally decreasing the homogeneous line broadening of the amplifier [3]. These
methods require either extra components or are complicated. A promising method is
suggested in [4]. This method is based on optimizing the EDFA itself by controlling the
fiber length and pump power for a given input power and desired output power.

In this example we show how to flatten the gain of an EDFA by using this technique.
The project layout is shown in Figure 1.

Figure 1 Project layout of gain optimized EDFA
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Optimization targets are chosen as in [5] to have a comparison. However, note that
the fiber parameters in our simulation might be different than that of [4] since no value
is given there. The input of EDFA is 16 equalized wavelength multiplexed signals in
the wavelength region of 12 nm (1546-1558 nm) with 0.8 nm separations. Power of
each channel is -26 dBm. We have used default fiber parameters. The desired gain
is 23 dB. We also want an output power of more than 8.5 dBm and a gain flatness
(defined as Gmax/Gmin) of less than 0.5 dB.
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Fiber length and pump power is selected as parameters to be optimized to achieve
the desired gain under output power and gain flatness constraints. The Dual Port
WDM Analyzer measures gain and flatness, whereas the Optical Power Meter
measures the output power. Initial parameter values are as follows: Pump power is
100 mW; fiber length is 4 m. The pump power is bound between 0 and 160 mW. The
fiber length is bound between 1 and 40 m. Parameter termination tolerance is 1, result
and constraints termination tolerance is 0.1.

Note that no unit for parameters and results is indicated in the optimization tool. The
units of parameters and results in optimization tool are taken to be same as the ones
that are given in project layout for the corresponding parameter or result.

Figure 2 Signal and noise spectrum of an un-optimized EDFA
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Figure 2 shows an un-optimized amplifier output signal and noise spectrum when
pump power and fiber length are 100 mW and 4 m. In this case, even though the
average gain is about 30 dB, gain flatness is about 2.24 dB, which is much higher than
required.
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Figure 3 Output signal and noise power spectrum
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After 24 passes, pump power and fiber length are optimized to achieve the desired
goals. Optimum pump power and fiber length are found to be 24.13 mW and
approximately 5.22 m.

Atthese values, an average gain of 23 dB and a gain flatness of 0.29 dB are achieved.
The output signal power is about 8 mW. The output signal and noise spectrum is
shown in Figure 3.

These results are comparable to results of [5] where optimization is done by using a
semi-analytical method and then the findings are confirmed experimentally.
Compared with the results of [5], our simulation results in a better gain flatness.
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EXCITED STATE ABSORPTION IMPACT ON EDFA PERFORMANCE

Excited state absorption impact on EDFA
performance

This lesson shows the influence of signal excited-state absorption (ESA) on the
performance of an EDFA.

The effect of sighal ESA happens because a signal photon is absorbed by an erbium
ion in an excited state, thereby promoting it to an even higher energy state and
causing degradation in the amplifier efficiency. This effect is wavelength dependent
since it depends on matching photon energies to the transition energies between
excited-states of the Er3+ ion.

To show the impact of signal ESA on the EDFA performance, the system shown in
Figure 1 was used in the simulations. It consists of a set of 47 input signals (see table
1) multiplexed by an ideal multiplexer. The EDFA has a co-propagating pump signal
at 1480 nm and some losses in the system are considered using optical attenuators.
The gain and NF figure for each channel is calculated using the Dual Port WDM
Analyzer component.

Figure 1 System layout used to analyze the performance of the EDFA
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Some of the EDFA parameters are displayed in Figure 1. The simulations are taking
into account the Rayleigh scattering effect too, but this effect does not cause any
considerable difference in the results and it could be neglected in this case.

When the ESA effect is taken in account, the user has to pay attention to the way that
the ESA cross section is loaded. The Erbium doped fiber component accepts two
formats for the ESA cross section:

(1) The file with the ESA cross section contains the emission cross section and the

ESA cross section together, Ceff = Oesa +0c

es emission

(2) The file contains only the ESA cross section.
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For the first case, the user has to check the box extract ESA and the component will
extract the ESA cross section from this file. Figure 2 shows an example with the
enhanced tab for the two cases. As we can see in Figure 2, the signal ESA peak is at
1680 nm.

Figure 2 ESA cross sections
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The simulations were done for three sets of signal input powers. Table 1 shows the
wavelength and input powers for the 47 channels of each set.
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Table1 Signal wavelengths and input powers of each channel in the three different sets
used in the simulations

Set 1 Set 2 Set 3
Wavelength (nm) Input Power Input Power Input Power
(dBm) (dBm) (dBm)

1570.444 -7.4 -17.5 -27.6
1571.267 -7.6 -17.8 -27.8
1572.089 -7.5 -17.6 -27.6
1572.911 -8.3 -18.4 -28.5
1573.756 -6.5 -16.6 -26.6
1574.578 -6.4 -16.5 -26.6

1575.4 -6.4 -16.5 -26.5

1576.2 -7.1 -17.1 -271
1577.067 -6.5 -16.6 -26.6
1577.867 -6.5 -16.6 -26.6
1578.711 -6.6 -16.6 -26.6
1579.556 -6.5 -16.5 -26.5
1580.378 -6.9 -17.0 -27.0

1581.2 -6.7 -16.7 -26.7
1582.044 -6.5 -16.6 -26.6
1582.889 -6.6 -16.7 -26.7
1583.711 -6.6 -16.6 -26.6
1584.556 -6.5 -16.5 -26.5
1585.356 -6.7 -16.7 -26.7
1586.244 -6.7 -16.7 -26.7
1587.089 -6.8 -16.8 -26.8
1587.911 -6.5 -16.5 -26.5
1588.778 -6.7 -16.7 -26.7

1589.6 -5.9 -16.0 -25.9
1590.444 -6.6 -16.6 -26.5
1591.289 -6.7 -16.7 -26.6
1592.133 -6.4 -16.4 -26.4
1592.956 -6.0 -16.0 -26.0
1593.822 -5.8 -15.8 -25.8
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1594.689
1596.378
1597.222
1598.089
1598.933
1599.778
1600.622
1601.467
1602.333
1603.2
1604.022
1604.911
1605.778
1606.622
1607.489
1608.356
1609.222

1610.089

EXCITED STATE ABSORPTION IMPACT ON EDFA PERFORMANCE

-6.2
-6.2
-6.9
-6.9
-6.9
-6.8
-6.6
-6.7
-6.6
-7.5
-6.8
-6.8
-6.7
-6.9
-6.6
-6.8
-6.8

-6.8

-16.2
-16.2
-17.0
-16.9
-16.9
-16.8
-16.6
-16.7
-16.6
-17.5
-16.8
-16.7
-16.7
-16.9
-16.6
-16.8
-16.9

-16.8

-26.2
-26.1
-26.9
-26.8
-26.8
-26.7
-26.5
-26.6
-26.6
-27.4
-26.7
-26.7
-26.6
-26.8
-26.5
-26.7
-26.8

-26.7

Two simulations were done for each set, one considering the ESA effect and other
neglecting the ESA. In this way, the ESA impact in the results will be clearer. The gain

and noise figure results found for each set are shown in Figure 3.
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Figure 3 Gain and noise figure results for signal input powers: Set 1, Set 2, and Set 3
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In the graphs, it is possible to see that in all sets, the difference in the results obtained
with ESA and without ESA starts to become serious for wavelengths larger than
1600 nm. The ESA effect, as expected, caused a considerable decrease in the gain
for A > 1600 nm.

From these results it is possible to conclude that the ESA effect cannot be neglected
in the design of an L-band amplifier when the signal band goes beyond 1600 nm.
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ION-ION INTERACTION EFFECTS

lon-ion interaction effects

This lesson demonstrates two of the ion-ion interaction effects on EDFAs:
* homogeneous upconversion effect (HUC)
+ inhomogeneous pair-induced quenching (PIQ)

As explained in the technical description, the ion-ion interaction effects relate to the
issue of energy transfer between rare earth ions. When the local concentration of rare
ions becomes high enough, it is no longer valid to assume that each ion is an isolated
ion that acts independently of its neighbors. This can have a negative impact on
amplifiers performance when the upper state of an amplifying transition is being
depleted by energy transfer.

Homogeneous Upconversion

The homogeneous upconversion effect is an Er3+ — Er3+ interaction effect and its
impact on the EDFA performance is linked to the concentration of erbium ions in the
fiber. In a fiber with a high concentration of erbium ions (7, > 5.102417173 ), the
homogeneous upconversion tends to cause more impairment in the amplifier
performance than in a fiber that has lower erbium concentration.

To demonstrate the impact of homogeneous upconversion in the EDFA, the system
shown in Figure 1 was simulated for different fibers and the gain was analyzed.

Figure 1 System layout used to analyze homogeneous upconversion in an EDF
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First, to characterize each fiber, a new parameter is defined. The upconversion
lifetime [1]:

Typ = 1/n,- U O

C

where 7, is the concentration of erbium ions, and UC is the two particle upconversion
coefficient.

Simulations were done for four fibers: one with no homogeneous upconversion effect,
and three with upconversion lifetimes of 1 ms, 2 ms and 5 ms.

The same erbium ion concentration was considered for all fibers. In the case of the
fibers where the homogeneous upconversion was considered, the value of the
upconversion coefficient (U . ) was set to give the corresponding upconversion
lifetime.

Figure 2(a) shows the tab set up for a fiber without homogeneous upconversion and
Figure 2(b) considers the upconversion lifetime of 1 ms.

Figure 2 Enhanced tab setup for a fiber (a) without and (b) with homogeneous Upconversion effect
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After the simulations, the gain versus pump power curves were plotted for each fiber.
Figure 3 shows the results found in the simulations. This result shows the degradation
in the performance of the EDFA due the upconversion effect. To compensate for the

decrease in the gain, the pump power has to be increased. These results agree well
with those in [1].
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Figure 3 Signal gain at 1550nm for different values of upconversion lifetime: 1 ms, 2 ms, 3 ms and no
upconversion effect
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Because of its dependence on ion concentration, homogeneous upconversion is
negligible at low concentrations.

Pair-Induced Quenching

The PIQ effect means that the energy transfer rate between two or more ions is on a
time scale significantly faster than that of the pump rate, so that at the pump powers
considered the pump is unable to keep both ions excited.

The Erbium-doped fiber component takes this effect into account when the user
selects the inhomogeneous option for the ion-ion interaction effects parameter. In this
case, the user has to specify the relative number of clusters (K) in the fiber and the

number of ions per cluster (m, ). Figure 4 shows an example of a doped fiber with
K =14% and m, = 2.
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Figure 4 Setting inhomogeneous pair induced quenching in the Enhanced Tab

Simulations were done to demonstrate the influences of the PIQ in the performance
degradation of an EDFA. The parameters of the fiber and the system layout used in
the simulations are shown in Figure 5. This system is prepared to assemble the curve
signal gain at 1530 nm versus pump power. The input signal power is kept at -20 dBm
and the pump power at 980nm is varied from 2mW to 50mW.

Figure 5 System layout used to analyze PIQ in an EDF
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In these simulations, all fiber parameters are kept constant except for the relative
number of clusters, which is different for each curve. Three curves were obtained in
the simulations to demonstrate the decrease in the pump efficiency. Figure 6 shows
the gain reduction for two values of relative number of clusters (K= 10% and K =
20%), compared to a fiber without P1Q (k = 0).

Figure 6 Amplifier gain at 1530nm vs. input pump power, as a function of the relative number of clusters
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The simulations results show a high degradation in the performance of an EDFA due
the effect of pair-induced quenching. This result agrees well with the results
demonstrated in [1].
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RAYLEIGH BACKSCATTERING IN EDFA

backscattering in EDFA

This lesson demonstrates the Rayleigh backscattering effect in the EDFA.

The backscattering from an EDFA exceeds backscattering from an equivalent length
of a non-doped fiber. Because Rayleigh backscattering can cause degradation in the
EDFA performance [1], this effect has to be considered in the simulations to give
better accuracy in the results. The EDF component considers the Rayleigh scattering
effect in the simulations.

This lesson demonstrates the backscattering caused by the Rayleigh effect and the
results of simulations are compared to an analytical approximation given by [2]. The
system used in the simulations is shown in Figure 1.

The WDM analyzer linking the coupler output port to the output port at the right end
of the erbium-doped fiber gives the return loss of the signal at 1558nm. This return
loss indicates the ratio between the input signal power and the reflection power
generated by the Rayleigh backscattering effect.

Figure 1 System layout used to find the return loss of the EDFA
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The characteristics of the EDF used in the simulations are shown in Figure 2 and
Figure 3. In the enhanced tab in Figure 2, the values for the Rayleigh constant and
capture fraction are defined. In the case of capture fraction, the option for the
component was chosen. In this case, the value of the capture is given by the equation

(25) in the technical background.
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Figure 2 Erbium-doped fiber characteristics (a) Main tab and (b) Enhancement tab

x|
Labe: [Erbium Doped Fiber Cost$: | 0.00

Cancel
ICIDSS-S... lEnha... ]Numerical ]Simula... anise lF!andn... ]Graphs I

Hame Value Units Mode Evaluate
[+ |Length 20im Naormal Script
[T |Er metastable lifetime 0 :ims MNarmal
[T |Input data fiberSpecification MNarmal
[T |Saturation parameter 4 e+ 5: Wis m) MNarmal
[T |Core radius 1.3597 am MNarmal
[T |Er doping radius 12232 0m MNarmal
[T |Erion density Je+2d i me3 MNarmal
[ |Humerical aperture 0276 MNarmal

Load...

Save bz .

Security...

L

=l Help
Erbium Doped Fiber Properties

diN

Latel: IErbium Doped Fiber Cost$: I 0.o0 QK.
Cancel
bd ain ] Crosss.. Enha._. INumericaI ] Simula... l Moize l Rando... ] Graphs I
Disp Hame Value Units Mode Evaluate
[T |Background loss data type | Constant MNarmal Script
[ |Los= at 1310 nm 1415 B %m MNarmal
[~ |Background loss file name | oss dat el WNormal
[T |Include Rayleigh scattering I Nowmal
[ |Rayleigh constant 150 B K MNarmal
[T |Backscattering capture fra [Caicalate - MNarmal
[T |Rayleigh capture file name | Captore dat el Naormal
[ |include ion-ion interaction [ Nowmal
[T |lon-lon interaction effect | Homogensous MNarmal Load... |
[T |Upconversion coefficient {e022 i 35 MNarmal © ave fs |
[T |lon= per cluster 2 Naormal
[T |Relative nr of clusters {12i% MNarmal .
[T |include Temperature Effec [ Nowmal ﬂl
[ |Temperature 208 Naormal
[T |Cross-section Temperatur 20iC MNarmal
[T |Include ESA Effect [ Nowmal
[T |ESA Cross-sectionfile na | 2545000 dat MNarmal
[T |Extract ESA from emission ird Naormal

& 374



RAYLEIGH BACKSCATTERING IN EDFA

Figure 3 shows the absorption and emission cross sections of the EDF used.

Figure 3 (a) Absorption and (b) emission cross sections of the EDF
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In accordance with [2], the return loss from an EDF in the presence of fiber scattering
can be approximated by:

O [l

Where G is the gain of the EDFA, L is the fiber length, C is the capture fraction and
o, is the background loss due to scattering.

This equation gives a reference to compare the results obtained from the simulations.
However, before you calculate the return loss, it is necessary to obtain the signal gain
at 1558nm.

The gain obtained from simulations without consider the Rayleigh scattering effect is
shown in Figure 4. This gain as function of the signal input power was obtained for
two fiber lengths, 10m and 20m. These two curves were used in Equation 1 to
calculate the return loss. The results of the simulations, including the Rayleigh
scattering, and the analytical results are shown in Figure 4.

Figure 4 (a) Simulated gain at 1558 nm. (b) Return loss at 1558 nm versus signal input power
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Note: Distance at 10m and 20m for both.

The results shows good agreement with the fiber length of 10m. For 20m of EDF, the
results start to show considerable differences at input power of -15dBm. This happens
because the analytical model is only reliable for population's inversion approximately
constants [2].

For the case of 20m, the variations of the inversion of population along the EDF are
related to the differences between the results. Figure 5 shows the normalized
population of the metastable level for the EDF length of 10m (a) and 20m (b) for an
input signal power of -10dBm. The variations of the normalized population along the
fiber are approximately 0.01 for 10 m of fiber and larger than 0.11 for 20m of fiber. This
explains the increase in the differences between analytical and simulation result for
the fiber length of 20m.

377 ( ‘,



RAYLEIGH BACKSCATTERING IN EDFA

Figure 5 Normalized population at the metastable level as function of the fiber length for an input signal
power of -10 dBm and EDF length of (a) 10 m, (b) 20 m
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Inhomogeneous broadening in EDFAs

This lesson demonstrates the inhomogeneous broadening in an erbium-doped fiber.
In this lesson, the saturation regime in an EDFA is analyzed based on two
approaches:

* homogeneous broadening

* inhomogeneous broadening.

For this purpose, the EDF component is set to the inhomogeneous model and

simulations are done for different input signal powers. Figure 1 shows the system
used in the simulations.

Figure 1 System layout
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The output spectrum is obtained for different input saturating signals. The signal at
1531 nm is the saturating signal and the values of the input signal power are varied
from 0 to 1 mW to characterize different levels of saturation. Some of the EDF
parameters are displayed in Figure 1, and the Inhomogeneous absorption and
emission cross sections loaded by the component are shown in Figure 2.
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Figure 2 Inhomogeneous (a) absorption and (b) emission cross section
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The equations used in the inhomogeneous model [1] use the homogeneous cross
sections. In this case, the component needs to be set to generate the homogeneous
cross section from the inhomogeneous cross sections provided by the user, Figure 2.

Figure 3 shows the numerical tab with the parameters set to generate the
homogeneous cross sections using 13 Gaussians for the fitting. See the technical
description for more information about how to generate the homogeneous cross
sections. In this lesson, the value used for the inhomogeneous line width was
11.5 nm.
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Figure 3 Numerical tab set to generate the homogeneous cross sections
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The homogeneous cross sections generated by the component are shown in Figure
4. These homogeneous cross sections are in good agreement with the homogeneous
cross section presented by Desurvire in Figure 4.25 in [1].

381 (&



INHOMOGENEOUS BROADENING IN EDFAS

Figure 4 Homogeneous (a) absorption and (b) emission cross section
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For the homogeneous broadening case, the inhomogeneous line width is considered
to be zero or near zero and the system is simulated for the same parameters as in the
inhomogeneous case.

The results found with the simulations are shown in Figure 5 and Figure 6. The output
spectrum obtained for the homogeneous and inhomogeneous cases are presented in
Figure 5. It is possible to see the behavior of the curves start to become different as
the input power is increased. Although in the homogeneous case the saturation
seems to act uniformly in the spectrum, in the inhomogeneous case, the effect of
saturation is stronger near the saturating signal.
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Figure 5 Output spectra in simulations with (a) homogeneous and (b) inhomogeneous model
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The compression in the output power is shown in Figure 6. Those curves are obtained
by subtracting each saturated spectrum from the spectrum obtained without the
saturation signal power. As expected, the compression in the inhomogeneous model

is lower than in the homogeneous model for wavelengths far from the saturating
signal.

Figure 6 Compression caused by saturation in (a) homogeneous and (b) inhomogeneous cases
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These results show the differences between the homogeneous and inhomogeneous
broadening in different saturation levels. However, the differences between the
homogeneous and inhomogeneous model are more significant than the results
presented in [2]. These differences can be related to the use of different parameters
for the fiber, such as absorption and emission cross section.
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Notes:
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Power transients in EDFAs

Clf Lazer
Frequency = 1552 nm

ﬂ.ﬂ:

This lesson demonstrates the transient effects in an EDFA caused by the addition or
deletion of channels using the EDFA Dynamic models of the OptiSystem.

The performance of a WDM system can be critically affected by the adding-dropping
of WDM channels since all channels present are amplified simultaneously by each
amplifier and share the available saturated gain. The add-drop of the channels
causes transient effects in the surviving channels.

In the first part on this lesson, the transient effects are analyzed using the EDF
Dynamic component. The system simulated is shown in Figure 1. The simulations
analyze the power transients caused by adding channels to the system.

The signal at 1536 nm represents the surviving channel and has the input power
correspondent to a certain number of channels. The signal at 1552 represents the
add-channel and has the input power correspondent to the number of channels to be
added in the system.

It is assumed that the sum of the input powers of the channels is -2 dBm, which would
correspond to 32 channels with input power of -17 dBm each. The CW signal of the
add channel is modulated to represent an addition of channels at the time of 2 ms.

Figure 1 System layout
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The main parameters of the EDF are displayed in Figure 1. The cross sections used
in the simulations are similar to the aluminogermano silicate fiber (fiber type 1) shown
in Fig. 4.22 of Desurvire's book [1].
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Figure 2 Absorption and Emission cross sections
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The different power proportions for the modulated add-channel and the surviving
channel approximate different combinations in adding channels. The system in Figure
1 analyzes the addition of 4, 8, 12, 16, 20, 24 and 28 channels. The input power
distribution for the channels is shown in Table 2.
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Table 2 Input power distribution

Number of channels to add 28 24 20 16 12 8 4
Input power of the -2.58 -3.25 -4.04 -5.01 -6.26 -8.02 -11.03
surviving channel (dBm)

Input power add-channel -11.03 -8.02 -6.26 -5.01 -4.04 -3.25 -2.58
(dBm)

The results found in the simulations are shown in Figure 3.

Figure 3 Evolution of the power excursion of the channel at 1536nm for adds 4, 8, 12, 16, 20, 24 and 28
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As expected, the increment of the number of channels in the system caused power
transients in the output of the surviving signal. The amplitude of the power excursion
is proportional to the number of channels added. After some time, the system reached
the steady state again, but in a lower output power.

In the following section, the transients are analyzed with the EDF dynamic analytical
component. The system used in the simulations is shown in Figure 4. In this case, the
add-drop of channels was investigated. The different power proportions for the
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modulated channel at 1557.2 nm and the surviving channel approximate different
combinations in the number of dropped and surviving channels. It was assumed that
the total power of the two channels corresponds to 8 channels, each of which
launched -14.7 dBm of output power in the EDF.

Figure 4 System layout
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The main parameters of the EDF are displayed in Figure 4, and the absorption and
emission cross-sections are shown in Figure 5.
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Figure 5 a) Absorption and (b) emission cross section

quickview x|

E Absorption parameters (a)

| A
/

5

Abzarption coefficient (dB/m)
3 L)

1.45 p 148 p 151 p 1.54 p 157 p
Mawelength (m)

E Emiszion paraneters (b)

@ [
/

3

Gain coefficient (dBSm)
4

2

1,95 142y 1stp 184y 4A&Tp
rawelength (m)

The channels were dropped and added at 2 ms and 6 ms, respectively. Figure 6

shows the results for different values of the proportion of surviving channel power to
the total power (which is kept constant). The results of the addition of channels shown
in Figure 6 agrees with Figure 3. The drop of channels in the system tends to cause

an increase in the output power of the surviving channels.
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Figure 6 Evolution of the power excursion of the survival wavelength at 1554nm for 7 different values of
the surviving wavelength power as a proportion of the total input power
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In a second example, the effect of different pump powers in power excursion was
analyzed. In this case the input power in the surviving channel (1554 nm) and the
modulated channel (1557.2 nm) was the same: -8.67 dBm. The power excursions
were examined for 4 pump powers: 10.3 dBm, 12.5 dBm, 13.9 dBm, and 15.1 dBm.
The results found are shown in Figure 7.
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Figure 7 Power excursion of the surviving wavelength at 1554 nm for four different pump powers values
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For increasing pump power values the evolution of the power transient begins from
higher inversion/gain levels and settles to higher gain levels with an increasing in the
ASE causing a decreasing in the power excursions.

The results presented here are in very good agreement with studies in the references.
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Temperature dependence in EDFA

This lesson demonstrates the temperature dependence in the absorption coefficient
of an EDFA.

The temperature dependence in an EDFA manifests through the variation in the
absorption o and gain g* coefficients (or absorption G, and emission G,
cross-sections) [1], [2]. Here, to demonstrate the effect of temperature dependence,
simulations are done using different temperatures and a method to characterize the
EDF's absorption coefficient at each temperature is used.

In the first part of this lesson, the method for calculating the EDF's absorption
coefficient is described. The system shown in Figure 1 is used for the characterization
of the absorption coefficient. It consists of a CW laser source with signal power equal
-20dBm and wavelength varying at the range of 1450nm to 1650nm (the CW laser is
in the sweep mode).

The Optical Power Meter Visualizer gives the output power in the EDFA. The Erbium
doped fiber has the physical parameters shown in Figure 2(a) and the original
absorption coefficient loaded is shown in Figure 2(b).

Figure 1 System layout
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Figure 2 (a) Main tab with the parameters used in the simulations (b) Absorption coefficient loaded
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The following procedure was used to calculate the absorption coefficient from the data
obtained in simulations. To determine the value of the absorption coefficient of the
EDF, simulations for two fiber lengths (5m and 0.5m) were conducted in the
wavelength range of 1450 to 1650nm. Using the corresponding output signal powers

P, \,L= 5m)and P, (\,L=0.5m),the absorption coefficient can be
obtained by the equation

P, (h,L=05m)-P, (\,L= 5m) o)

(%) = 5-05

In Figure 3 we compare the original absorption coefficient loaded on the EDF and the
calculated one using Equation 1. You can see the agreement between the two sets of

results. Therefore, this procedure can be used to calculate the absorption coefficient
of an EDFA.

Figure 3 Comparison between the original and the calculated absorption coefficient
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In the second part of this lesson, the temperature dependence of the absorption
coefficient is demonstrated. The method used to calculate the absorption coefficient
is used again, but this time, the simulations considered different temperatures. With
this procedure, the temperature dependence in the absorption coefficient is

demonstrated.
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Erbium Doped Fiber Properties x|

To consider the temperature dependence in the Erbium-doped fiber component,
Include Temperature Effect on the Enhanced tab must be selected, and the
temperature that the cross sections (loaded) were measured at must be provided.

Here, the original cross sections (Figure 2b) were measured at 20°C . Finally, user
the current temperature must be defined in order for it to be considered in the
simulation temperature parameter. Figure 4 shows an example using 80°C for the
simulation.

Figure 4 Enhanced tab with simulation setup
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Simulations were done for three temperatures, —40°C, + 20°C, and + 80°C.. For
each temperature, the absorption coefficients were calculated using Equation 1.

Figure 5 shows the results for the three temperatures simulated. It is possible to see
the differences in the absorption coefficients caused by the changes in temperature.

These results seem in good qualitative agreement with presented studies in [1][2].
The same approach can be taken to analyze temperature dependence in the gain
coefficient. However, the procedure and the system setup used to calculate the gain
coefficient will be different, because it will be necessary to find the fluorescence
spectrum.



Absorption (dB/m)
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Figure 5 Absorption coefficient calculated for different temperatures
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This variation in the absorption and gain coefficients causes variation in the
performance of the amplifier, gain, and noise was demonstrated in [1] and [2].
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Ytterbium-doped fiber amplifiers

The objective of this lesson is to demonstrate the performance of ytterbium-doped
fiber amplifiers.

First of all, the gain spectra are analyzed for the pump wavelength at 910 nm and with
different input pump powers: 1mW, 10mW and 30mW. The system used in the
simulation is shown in Figure 1.

Figure 1 System layout for gain analysis
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Figure 2 shows signal gain spectra obtained for three different pump powers.

The parameters used in this simulation are displayed in Figure 1, and they have
similar values to those presented in [1], except with regard to the values of the
absorption and emission cross-sections. Nevertheless, the results found are in good
agreement with the results presented in [1].

401 ( ‘,



YTTERBIUM-DOPED FIBER AMPLIFIERS

Figure 2 Amplifier gain spectra for three different input pump powers
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In a second case, the gain spectra are calculated for two different pump wavelengths,
910nm and 975nm. The system layout simulated is showed in Figure 3, and the fiber
parameters used are similar to the parameters used in the previous example.

Figure 3 System layout
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The results obtained in the simulation are shown in Figure 4.

q ‘, 402



YTTERBIUM-DOPED FIBER AMPLIFIERS

Figure 4 Gain spectra obtained for pump wavelengths at 910 nm and 975 nm
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In the next case, the Ytterbium-doped fiber is double-clad. To set the ytterbium-doped
fiber component to work as double-clad, the parameter Double-clad fiber
(Enhanced tab) has to be set to True and the value of the pump reference has to be
specified. The system used to simulate the double-clad fiber amplifier counter-
pumped is shown in Figure 5.

Figure 5 Layout of double-clad fiber amplifier counter-pumped system

"\f*& ] P

R e e F{umnn

! . .
Ul Laser E Optical Power hdeter W=ualizer
Fraquancy = 1064 nm
Power = 30 dBm 3

e N

p Optical Spectrum Analyzer
b Doped Fiber

Length =10 m
e : E2
:
H |§| Pump Laser
Frequency = 915 nm
- f{unmn Power = 200

Optical Power hdeter "zualizer_1

403 ( ‘,



YTTERBIUM-DOPED FIBER AMPLIFIERS

The EDF parameters used in this simulation are similar to those used in [2]. The
forward and backward output power is calculated for input signal power varying from
-30dBm to -30dBm for co-pumped and counter-pumped configurations. Figure 6
shows the results. This figure is equivalent to Figure 2 of [2].

Figure 6 Output power versus input signal power for different pump schemes
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SPO optimization—System margin

OptiSystem can optimize parameters in order to maximize, minimize or to target a
value for results. This can be done by either using MPO or SPO optimizations.

By using the optimization tool you can, for example,

« optimize the fiber length of the EDFA to obtain the maximum gain

» calculate the attenuation/gain to obtain a target Q-Factor

* minimize the BER by optimizing the fiber length of the link.

In this example we show optimization of a single parameter by using SPO. It shows
how to estimate the system margin. This margin shows the amount of power penalty
that may be added to the system to get a defined Q factor or BER. Our target BER is

10, or a Q-Factor of 6.The project is given in System margin.osd, shown in
Figure 1.

Figure 1 Project layout
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In this project, for illustrative purposes, the subsystem System under test is an
empty system. The optimization will optimize the attenuation parameter of the
Attenuator component to attain Max. Q-Factor of 6. The parameter attenuation will be
the system margin in dB.

To set up the optimization, go to Tools|Optimizations... and insert a SPO
Optimization. Then, select Gain Attaining type of optimization in the Main tab and
set Result tolerance to 0.05. In the Parameter tab, add Attenuation of the
Attenuator component into the Selected list. In the Result tab, add Max. Q factor of
the BER Analyzer into the Selected list.

Figure 2, Figure 3, and Figure 4 show the Main, Parameter and Result tabs of the

optimization set-up.
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Figure 2 Main tab of the SPO
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Figure 3 Parameter tab of the SPO
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Figure 4 Result tab of the SPO
ﬂ
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In order to run the optimizations, go to File > Calculate in the Main menu, and select
the Run optimizations in the Calculation dialog box, which also runs the simulation.
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Figure 5 Enabling optimizations
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After the optimization is done, you will see that the system margin is approximately
19 dB for a Q-Factor of 6 (see Figure 6).
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Figure 6 Optimization results
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SPO optimization—EDFA fiber length

In this example we show optimization of a single parameter by using SPO. It shows
how to optimize the fiber length to maximize the amplifier gain. The project is given in
EDFA fiber length optimizationFig.osd. Inorderto run the optimizations
with the components shown in Figure 1, the Laser power is -40 dBm. Default EDFA
parameters are used.

Figure 1 Project layout
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The optimization will optimize the Length parameter of the EDFA to get maximum
gain as measured by Dual Port WDM Analyzer.

To set up the optimization, go to Tools > Optimizations and insert a SPO
Optimization. Then, select Maximize type of optimization in the Main tab and set
Result tolerance to 0.1. In the Parameter tab, add a Length parameter of the EDFA
component into the Selected list. In the Result tab, add Gain 1 (dB) result of the Dual
Port WDM Analyzer into the Selected list.

In order to run the optimizations, go to File > Calculate from the Main menu, and
enable Run optimizations in the Calculation dialog box, which runs the simulation.

After 11 passes, fiber length for maximum gain is found to be 9.86. In this case, EDFA
gain is about 38.1 dB.
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Notes:

(‘, 412



EDFA — BASIC CONCEPTS

EDFA — Basic concepts

The sample file EDFA Basic Concepts.osd shows the basic characterization of
the Erbium Doped Fiber Amplifier (EDFA). There are three design layouts: Gain
Spectrum, Gain Saturation, and Amplifier Noise. They enable the characterization
of the gain, noise figure, and output power under unsaturated and saturated signal
input regime. These layouts refer to the topics: Gain Spectrum and Bandwidth,
Gain Saturation, and Amplifier Noise.

In this example, the amplifier performance is characterized by using sweeps for the
input parameters of the amplifier. the layouts Gain Spectrum and Amplifier Noise
sweep the signal wavelength, while the layout Gain Saturation sweeps the signal
input power in order to evaluate the amplifier performance with the small signal input
power (~ -30 dBm) and saturated input signal power (~ 0 dBm).

The three layouts created in this project file are shown in Figure 1. The basic layout
used in each layout considers one Erbium-doped fiber stage setup in a co-
propagating pump scheme. Erbium Doped Fiber model was used in this simulation.
A single input signal operating in the C-band wavelength range is set in the laser
source where small and large signal inputs are considered in the simulations.

Figure 1 Three different layouts created in this project file
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For each design layout we have three graphs showing the Output Signal Power,

Gain, and Noise Figure versus the Sweep Parameter. The components settings can
be modified and the simulations repeated in order to analyze the differences observed
in the amplifier performance as a consequence of the change in parameter settings.

The absorption and emission cross section, input parameters which are critical in the
numerical solution of coupled rate and propagating equations, are displayed in
Erbium doped fiber component. Figure 2 shows the cross-section file used in this
project file.

The cross section input files are characteristic to a specific fiber as well as the fiber

dimensions specified in the Er doped fiber dialog box component, shown in Figure 3.
However, it is interesting to change some fiber specifications in order to evaluate how
it can modify the calculated results.

Figure 2 Cross-section file displayed in the Erbium doped fiber component Graphs
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Figure 3 Er doped fiber specifications
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The basic layout used in the calculations to each layout is shown in Figure 4.

Figure 4 Layout used in the basic characterization of the Erbium doped fiber amplifier setup in one fiber
stage and co-pumped by 980 nm laser diode
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Layout Gain Spectrum

In this first layout named Gain Spectrum, the signal wavelength of the CW laser
signal is swept from 1525 nm to 1600 nm, which enables evaluating the spectral gain
and the bandwidth of the amplifier.

The spectral gain calculated to -20 dBm of input signal power is shown in Figure 5.

Figure 5 Gain versus signal wavelength given in [nm] units considering signal input power equal to —20
dBm
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An additional graph which can be checked in the Gain Spectrum layout is the output
power versus signal wavelength shown in Figure 6.

(A, 416



EDFA — BASIC CONCEPTS

Figure 6 Signal output power versus signal wavelength given in [nm] units calculated to a signal input
power equal to —20 dBm
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Layout Gain Saturation

(A, 418

The layout Gain Saturation enables evaluating the amplifier performance as a
function of the signal input power. The signal input power is swept from small signal
to large signal regime, i.e. -40 dBm to 0 dBm. The amplifier performance given by
gain, output power and noise figure are respectively shown in Figure 7, Figure 8 and
Figure 9.

Figure 7 Gain versus signal input power
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Figure 8 Amplified signal versus signal input power
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Figure 9 Noise figure versus signal input power
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Layout Amplifier Noise

The signal wavelength is the parameter swept in this layout, which enables
calculating the spectral noise of the amplifier. Signal and pump wavelength as well as
the fiber parameters can be modified for further evaluation of the amplifier
performance.

Figure 10 Noise bins as a function wavelength used in the calculations. Each curve in this graph resulted
from the different iterations
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Booster Amplifier

The project file Booster Amplifier.osd shows the characterization of a
booster/power amplifier setup in a single erbium-doped fiber stage heavily doped,
bidirectionally pumped by two 980 nm pump lasers. A large signal input power is
considered in this case, since high signal input helps to produce high output power,
which is necessary to booster/power amplifiers. As a consequence, moderate gain
will be observed in this case. The low noise figure requirement of EDFAs is not so
critical in this case, because an increase in NF can be tolerated. It is important to
mention that typical configurations of booster amplifiers include multiple Er-doped
fiber stages.

Figure 1 shows the layout of the booster amplifier. A bidirectional pump was used to
exemplify the typical pump scheme observed in booster amplifiers. The Optical
Spectrum Analyzer connected at Output Port1 shows the amplified signal obtained
after calculating this sample file. The component Dual Port WDM Analyzer gives the
calculated results generated by all the propagating signals, signals and pump.

The output power, gain and noise figures calculated as a function of signal input
power are shown in Figure 2, Figure 3 and Figure 4. It is possible to observe the gain
being compressed as a function of the signal input increasing on Figure 3.

The noise figure curve calculated sweeping the signal input power to the booster
amplifier utilized the same input parameters as before. There is a region in the curve
in which NF is minimized as a function of the signal input considered. Observing
graphs related with co- and counter-propagating ASE helps to understand how the
noise figure curve appears as this shape.
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Figure 1 Layout used in the Booster amplifier
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Figure 2 Signal output power versus signal input power calculated to the booster amplifier
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Figure 3 Gain versus signal input power calculated to the booster amplifier
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Figure 4 Noise figure versus signal input power calculated to the booster amplifier
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The power of both pump lasers co- and counter-propagating can be modified as well
as the Er-doped fiber length. Fiber specifications can also be modified and the results

compared with the previous case.
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Notes:
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Inline Amplifier

The project file Inline Amplifier.osd shows the characterization of an inline
amplifier setup in a single erbium-doped fiber stage, pumped by one 980 nm-pump
laser.

A small signal input power is considered in this case, where results with high gain and
small noise figure values are desirable. The signal input power is swept from -40 dBm
to -20 dBm to enable the checking of the gain, noise figure, output power, and OSNR
as a function of signal input power. The signal input power swept is in the layout
"Signal input power" contained in the file Inline Amplifier .osd.

After sweeping iterations over the signal input power, the amplifier performance can
be checked in the graphs shown in Figure 1.

Figure 1 Graphs presenting the inline amplifier performance setup in a co-propagating pump scheme
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Two different pump schemes which consider co- and counter-propagating pump are
available, in "Co-pump power" and "Counter-pump power" layouts, shown in Figure 2
and Figure 3. The performance of the inline amplifier with respect to the co- and
counter-propagating pump scheme can be checked in the Gain, Noise Figure, and

Output Power graphs.
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Figure 2 Inline amplifier layout considering a co-propagating pump scheme
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Figure 3 Inline amplifier layout considering a counter-propagating pump scheme
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The amplifier performance of the amplifier setup in a co- and counter-propagating
pump scheme can be compared to the graphs available. Pump wavelength equal to
980 nm was considered in both cases. Gain versus pump power is shown in Figure 4
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considering the co- and counter-pump scheme, which allows for the evaluation of the
most efficient pump scheme to the EDFAs.

Figure 4 Comparing gain performance of an EDFA setup in a co- and counter-propagating pump scheme
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Different parameters can be changed in this example, in which the new results are
compared with the previous ones. The wavelength pump power equal to 980 nm,
considered in the three different layouts included in this project file, can be substituted
with 1480 nm, for example. Different pump power, signal wavelength, and fiber
parameters can be considered to perform additional simulations.
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PREAMPLIFIER

Preamplifier

The project file Preamplifier. osd shows the characterization of an inline amplifier
setup in a single erbium-doped fiber stage, pumped by one 980 nm-pump laser in a
co-pump scheme.

A small signal input power is considered in this case, where results with high gain and
small noise figure values are desirable. The erbium doped fiber length is swept from
6 m to 15 m to enable the checking of the gain, noise figure, output power, and OSNR
as a function of fiber length. The pump wavelength considered in layouts "Pump 980
nm" and "Pump 1480 nm" is 980 nm and 1480 nm.

In both layouts, signal input power is -35 dBm at 1550 nm. The performance of the
preamplifier with respect to the wavelength pump can be checked in the graphs of
gain, noise figure, and output power.

The basic layout used in this preamplifier example is shown in Figure 1, where just
the pump wavelength is changed from 980 nm to 1480 nm in the component Pump
Laser 1.0.

Figure 1 Preamplifier layout
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The gain of the preamplifier is shown in Figure 2. Different parameters can be
changed to generate new results to be compared with the previous ones. Different
pump power, signal wavelength, and fiber parameters can be used to perform
additional simulations.
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Figure 2 Gain versus erbium doped fiber length considering 980 nm and 1480 nm as wavelength pump
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Pumping requirements

The amplifier performance characterized by the signal output power, gain and noise
figure depends on the pump wavelength. The project file "Pumping
requirements. osd" shown in two different layouts, "Pump power 980 nm" and
"Pump power 1480 nm", details an amplifier pumped by 980 nm and 1480 nm. The
980 nm and 1480 nm pump wavelengths are the most important ones used in EDFAs.
Figure 1 shows the layout setup in a co-propagating pump scheme with 980 nm and
1480 nm wavelength pumps.

Figure 1 Amplifier setup in a co-propagating pump scheme used with 980 nm and 1480 nm wavelength
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High amplifier gains in the range 30-40 dB can be obtained in this project file,
sweeping the pump power from 10 mW to 200 mW. The signal input power
considered in this case is -20 dBm. Output power calculated in this project is in the
range 6 - 17 dBm, while the noise figure varied between 3 - 5 dB. Different signal input
power or signal wavelength as well as fiber parameters can be set in this example and
the new results can be compared with previous one. Results obtained with these
layouts are shown in Figure 2. New Erbium-doped fiber data can be used in this case
and results compared. The cross-section or Giles parameters need to be updated as
well as the fiber dimension and doping characteristics.

EDFAs can be designed to operate in such a way that the pump and signal beams
propagate in opposite directions, a configuration referred to as backward pumping to
distinguish it from forward-pumping configuration in which both beams propagate
along the same direction. Backward or counter-propagating pump scheme is
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exemplified in the layout "Backward pump @ 980 nm". The pump power is swept from
10 to 150 mW and the signal input power is -20 dBm.

Figure 2 Gain versus pump power considering a co-propagating pump schemes @ 980 nm and @ 1480 nm
wavelength pump
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The layout considering backward or counter-propagating pump scheme is shown in
Figure 3. Figure 4 shows the gain versus pump power when 980 nm and 1480 nm are
considered as wavelength pump. The influence of the selected pump scheme in the
amplifier performance can be checked considering unsaturated or saturated regime
just changing the signal input power range.
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Figure 3 Amplifier setup in counter-propagating pump scheme used with 980 nm and 1480 nm wavelength
pump
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The layout Bidirectional pump @ 980 nm added to this project file considers the
bidirectional pumping configuration, where the amplifier is pumped in both directions
simultaneously by using to semiconductor pump lasers located at the two fiber ends.
The advantage of this pump scheme can be checked setting small-signal or large
signal input and observing the amplifier performance given by the gain, output power
and noise figure graphs displayed in Views.
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Transient Control in EDFAs

Our goal here is to demonstrate how to use OptiSystem to simulate transient control
schemes to avoid or minimize the impacts of transient effects in the system
performance.

As is well known, failures in some channels and/or add-drop of channels due to
network reconfiguration can cause power transients that cause error bursts, which are
unacceptable to service providers.

To overcome this problem, several schemes to protect amplified networks against
power transients have been developed. Here we have worked on one control
scheme: EDFA gain clamping, which will be demonstrated in the next section.

In the examples simulated here, we have used a 16-channel WDM system. The
addition and dropping of 8 channels are simulated by modulating the optical signal by
a square wave at a low bit rate of 4K bits/s.

The transmitter setup configuration and the optical signal waveform at modulator
output are shown in Figure 1.

Eight signals are dropped att= 1.5 ms and added back att = 5.5 ms. The signal power
for each channel is -20 dBm (10 mW) and the modulated and surviving channels have
the channel spacing of 1.6 nm between each other.

The sample rate used in the signals was enough to allow the delay due feedback loop
to be considered in the simulations.

Figure 1 Transmitter setup configuration with 16 channels, where 8 channels are modulated to represent
add-drop of channels in the system. One modulated optical signal is shown in the optical vizualizer.
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Gain clamping

There are two basic configurations of EDFA gain clamping [1].

In the first configuration, the Fabry-Perot laser structure is used with two band-pass
reflectors placed in the input and output ends of the amplifiers. The laser wavelength
is determined by the center wavelength of the reflectors.

The laser cavity loss is determined by the peak reflectivity of the reflectors and losses
between the two reflectors.

One example of this configuration can be seen in Figure 2

Two components appear in this setup. They were created to allow the
multiwavelength time-driven simulations, and consequently the transient control
simulations.

The "Convert To Samples" component receives the optical channels in this input port
and transforms these block signals in individual samples that are launched forward
sample by sample in the correspondent time step.

The other component is the "Convert From Samples”, which does the opposite. It
receives the individual samples of each channel and assembles the different
channels.

Figure 2 Gain-clamping EDFA in a Fabry-Perot laser configuration
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We have run the simulation with the drop and add of 8 channels at 1.5 ms and 2.5 ms,
respectively. The EDFA was designed to give a gain of approximately 19 dB for each
channel. Simulation results for the surviving channel at 1540.3 nm can be seen in the
Optical Time Domain Visualizer show in Figure 3 Small oscillations are present
exactly at the point where the channels are dropped and added.
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Figure 3 Optical surviving channel at 1540.3 nm after the EDFA in a Fabry-Perot laser configuration
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In the second configuration, the ring laser structure is used.

Part of the signal and ASE is coupled in one end of the amplifier and fed back to the

amplifier input through a feedback loop. In the feedback path

, the signals (including

ASE) are filtered and attenuated to control the lasing conditions.

Figure 4 shows the gain clamping EDFA setups with the feedback loop including a

band-pass filter and an attenuator.

Figure 4 Gain-clamped EDFA in a ring laser configuration
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The same add-drop simulation was done for the gain-clamped EDFA ring laser. The

EDFA was designed to give a gain of approximately 18 dB.

Figure 5 presents 4 surviving channels after the EDFA amplifier. We can verify the
oscillations caused by the drop and add of channels and see that the oscillations are

higher and faster when the channels are dropped.
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Figure 5 Output signal power of 4 surviving channels

= |
a |
1548.4 nen
.. W
o
]
2 N, 1540.3 nm
b |
& ' |
by, 15466 nm
||,,u."-«"~"L
" i a
Lk
15434 nm
= L] ! i i L ]
Tm Zm aIn
Time fa}

The simulations results presented here are in agreement with previous results
presented in the literature. Simulations are not limited to these control schemes.
Variations in the previous control schemes can be introduced.
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AMPLIFIER CHARACTERISTICS

Amplifier Characteristics

There are many decisions to make regarding system implementation of specific
amplifiers.

To make these decisions, a group of typical key characteristics must be extracted
from the amplifier. For example, the gain and noise figure versus the input signal
wavelength, input signal power or input pump power.

To extract the key characteristics of the optical amplifier, OptiSystem allows the user
to easily iterate over these parameters and characterize the amplifier design.

The project "Amplifier Characteristics.osd" shows how to obtain the gain, noise figure
and output power versus input power and signal wavelength.

The calculations are based on results from a WDM Analyzer inserted between two
isolators. The user can replace the amplifier between these isolators and obtain the
same curves for different amplifiers.

Figure 1 Project "Amplifier Characteristics.osd"
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Loading the project

* Go to the OptiSystem sample files folder, "...Optiwave Software\OptiSystem
OptiSystem 9\Samples\Optical amplifiers".

*  Open the Project "Amplifier Characteristics.osd".

This project has three layout versions

« signal wavelength

* input power

*  pump power

In the version "Signal Wavelength", the iterations are swept over the laser signal
wavelength and generate the following graphs:

« Gain x Wavelength

* Noise Figure x Wavelength

*  Output Power x Wavelength

In the version "Input Power", the iterations are swept over the laser signal power and
generate the following graphs:

* Gain x Input Power

* Noise Figure x Input Power

*  Output Power x Input Power

In the version "Pump Power", the iterations are swept over the pump power and
generate the following graphs:

*  Gain x Pump Power

* Noise Figure x Pump Power

*  Output Power x Pump Power

Running the simulation

q ‘, 440

» To run the simulation you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* In the calculation dialog box, press the Play button (Figure 2).
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Figure 2 Calculating project
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Viewing the results
* Go to the report page (Figure 3).

Figure 3 Report page
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Figure 4, Figure 5, and Figure 6 display some of the graphs that are generated for this
simulation.

Observe the Gain x Wavelength, Output Power x Input Power and Gain x Pump
Power for the amplifier.
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Figure 4 Gain x wavelength
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Figure 6 Gain x pump power
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Automatic Control Simulation

AUTOMATIC CONTROL SIMULATION

OptiSystem allows the user to optimize the layout in a variety of ways.

User-defined optimizations allow the user to select a parameter and then select a
result. The parameter is then manipulated through a number of iterations in order to

hit the target value of the result.

The user can select a target gain or output power that is measured with the WDM
Analyzer and OptiSystem will search for the pump power to achieve the target value.

Loading the project

Go to the OptiSystem sample files folder, ".
9\Samples\Optical amplifiers".

Open the Project "Automatic Control.osd".

Figure 1 presents the amplifier layout.

This project has three layout versions:
Automatic Gain Control (AGC)
Automatic Power Control (APC)
Automatic Peak Power Control (APPC)
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AUTOMATIC CONTROL SIMULATION

Automatic Gain Control

The automatic gain control (AGC) maintains the EDFA gain at a fixed level during
signal perturbations or changes in the system loss.

The implementation of AGC using OptiSystem requires inserting a WDM Analyzer
between the two points of interest (to calculate the gain) and adding and configuring
optimizations.

Because we want to keep the total gain constant while controlling the pump power,
we need the WDM Analyzer (Figure 1) to calculate the gain and the optimization
engine to calculate the pump power to achieve this gain.

Automatic Power Control

The procedure to obtain Automatic Power Control (APC) is the same as that used to
obtain AGC. However, instead of monitoring the gain, we will monitor the total output
power.

We are assuming that the total output power must be kept constant by controlling the
pump power.

We need to insert a WDM Analyzer in the layout to calculate the signal output power
and set an optimization to calculate the pump power to achieve the target signal
output power.

Automatic Peak Power Control

The procedure to achieve Automatic Peak Power Control (APPC) is the same used
to obtain APC and AGC. However, instead of monitoring the total gain or total output
power, we will monitor the output power of one signal at a particular wavelength.

We are assuming that the total output power must be kept constant by controlling the
pump power. We need a probe to calculate the signal power and an optimization to
calculate the pump power to achieve this signal power.

Optimization

( A) 446

We will demonstrate the setup for the AGC.

For this setup, the user must select the

» parameter to be optimized (the pump power)
* result to be monitored (the total gain)

* range with a target value.

The other two types of control follow the same basic steps.

« To open the simulation setup, you can go to the File menu and select Calculate.
You can also press Control+F5 or use the calculate button in the toolbar. After you
select Calculate, the calculation dialog box should appear.

* In the calculation dialog box, press the 'Optimizations..." button (Figure 2).
*  Double-click on the SPO (single parameter optimization) Optimization item.

The SPO optimization parameters are described in Figure 2.



AUTOMATIC CONTROL SIMULATION

The user set the optimization type to goal attaining. The goal is to control the
parameter Power from the Pump Laser to reach the target Total Gain from the WDM
Analyzer.

Pump power varies from 15 to 165 mw, and the gain target is 25 dB.

Figure 2 Optimization set-up for AGC amplifier
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AUTOMATIC CONTROL SIMULATION

Running the simulation

» To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

* In the calculation dialog box, enable 'Run all optimizations..." (Figure 3).
*  Press the Play button.

»  Select the Optimization tab in order to monitor the progress of the Optimizations
(Figure 3).

Figure 3 Calculating project
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Viewing the results
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* Go to the report page.
e Select the tabs AGC, APC or APPC to see the results.

Observe the pump power and gain graphs for the AGC amplifier (Figure 4).

The total signal power for the APC amplifier (Figure 5) and the signal power for the
APPC amplifier (Figure 6).

The AGC provides a constant gain of 25 dB, the APC provides a constant output
power of 10 dBm and the APPC a constant power of 10 dBm at 1530 nm.
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Figure 4 AGC amplifier, pump power and gain
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AUTOMATIC CONTROL SIMULATION

Figure 5 APC amplifier, pump and signal power
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Figure 6 APPC amplifier, pump and signal channel power
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Notes:
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ERBIUM-DOPED FIBER LASER

Erbium-doped Fiber Laser

Er-doped fiber lasers (EDFLs) can be viewed as EDFAs operating in the particular
regime where coherent oscillation of ASE occurs due to some feedback means.

A standard definition could be the following: EDFLs are used as sources for coherent
light signal generation, while EDFAs are used as wave-wave amplifiers for coherent
light signal regeneration.

All EDFLs can be pumped with compact, efficient, and sometimes inexpensive laser
diodes. They are compatible with different fibers and fiber optic components used in
communications so they have negligible coupling losses.

Fiber waveguiding and splicing alleviate any mechanical alignment of parts and
provide superior environmental stability.

There are many possible laser cavity designs and configurations.

The tunable EDFL configuration presented here uses an all-fiber ring laser cavity.
Wavelength selectivity can be achieved by using a tunable transmission filter.

This example will show how OptiSystem can simulate laser ring design and ASE
sources.

The setup parameters are very important to obtain a steady state output power. This
means the user must find the minimum number of convergence iterations to obtain
correct results.
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ERBIUM-DOPED FIBER LASER

Figure 1 Project "Ring Laser.osd"
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Loading the project

ERBIUM-DOPED FIBER LASER

* Go to the OptiSystem sample files folder, "...Optiwave Software\OptiSystem

9\Samples\Optical amplifiers".

* Open the Project "Ring Laser.osd".

Figure 1 displays the laser layout.

Observe that the laser wavelength is selected, which changes the filter center
wavelength, and the laser linewidth is selected, which changes the filter bandwidth.

This laser will generate power at 1550 nm with 1 nm of linewidth (Figure 2).

Figure 2 Filter component parameters
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ERBIUM-DOPED FIBER LASER

The global parameter lterations (Figure 3) is very important to obtain a steady state
output power. The user must find the minimum number of iterations to obtain correct
results.

Figure 3 Global parameters: iterations
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Running the simulation

» To run the simulation you can go to the File menu and select Calculate. You can

also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

Viewing results

q ‘, 456

* Double click on Optical Spectrum Analyzer.

* Increase signal index parameter to 30 (max value - same as global parameter
Iterations).

Figure 4 shows the signal at the coupler output port.

The user can increase the signal index parameter from 0 to 30, and see the signal
changing until it reaches a steady-state value around 25 iterations.



ERBIUM-DOPED FIBER LASER

Figure 4 Signal at the coupler output
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q ‘, 458



REFLECTIVE AMPLIFIER

Reflective Amplifier

In Reflective EDFAs, a device (e.g. mirror, grating) is placed at the EDFA output end
to reflect whether the pump or the signal (double-passing the pump or signal through
the EDFA) produces a net gain enhancement.

There are three basic configurations:

+ EDFA with reflected pump only

+ EDFA with reflected signal only

+ EDFA with reflected pump and signal

The configuration presented here is with reflected signal only. The signal is reflected
using a reflective filter.
Loading the project

* Go to the OptiSystem sample files folder, "...Optiwave Software\OptiSystem
9\Samples\Optical amplifiers".

» Open the Project "Reflective Amplifier.osd".
Figure 1 displays the amplifier layout.

Observe that a circulator and a reflective filter are responsible for sending the signal
to the fiber and reflecting it back.
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REFLECTIVE AMPLIFIER

Figure 1

Project "Reflective Amplifier.osd"
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REFLECTIVE AMPLIFIER

Observe that the reflective signal wavelength is selected by changing the filter center

wavelength at the reflective filter properties dialog box (Figure 2).

Figure 2 Filter component parameters
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The global parameter Iterations (Figure 3) is very important to obtain a steady state
output power.

The user must find the minimum number of iterations to obtain correct results.
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Figure 3 Global parameters: iterations
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Running the simulation

»  To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

Viewing results

* Double click on the visualizers (Dual Port WDM Analyzer and Optical Spectrum
Analyzer).

* Increase signal index parameter to 20 (max value - same as global parameter
Iterations).

Figure 4 displays the WDM Analyzer showing the Gain.

The signal can be followed with the OSA tool to verify how the signal is changing
along the amplifier.

Figure 5 shows the signal at the coupler output port.
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Figure 4 WDM Analyzer
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SPLIT-BAND AMPLIFIER

Split-Band Amplifier

The gain peak shifts to longer wavelengths as the fiber length increases and the
population inversion decreases.

The bandwidth of an EDFA can be increased by separating the gain spectrum into two
bands, 1530-1560 nm and 1570-1610 nm, with a band-splitting filter. The gain can
then be optimized in the two regions separately.

Loading the project

* Go to the OptiSystem sample files folder, "...Optiwave Software\OptiSystem
9\Samples\Optical amplifiers".

*  Open the Project "s Amplifier.osd".

Figure 1 displays the project.

The first path was optimized to work in the 1530-1565 nm region, and the second path
was optimized to work in the 1570-1605 nm region.
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SPLIT-BAND AMPLIFIER

The 3 Port Filter component splits the signal in the two paths.

In Figure 2, the 3 Port filter properties dialog boxes has the center wavelength at
1587.5 nm and 35 nm of bandwidth. The first port will have the rectangular transfer
function and the second will have the complementary transfer function.

Figure 2 Filter component parameters
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SPLIT-BAND AMPLIFIER

Running the simulation

» To run the simulation, you can go to the File menu and select Calculate. You can
also press Control+F5 or use the calculate button in the toolbar. After you select
Calculate, the calculation dialog box should appear.

Viewing results

» Double click on the visualizers (Dual Port WDM Analyzer and Optical Spectrum
Analyzer).

* Increase signal index parameter to 7 (max value).
Figure 3 displays the WDM Analyzer showing the Gain.

Note that the gain is approximately 20 dB (1530-1575nm) for the first path, and 11 dB
(1580-1605nm) for the second path.

The signal can be followed with the OSA tool to verify how the signal is changing
along the amplifier.

Figure 4 shows the signal at the coupler output port.

Figure 3 WDM Analyzer
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Figure 4 Signal spectrum at the coupler output

Dual Port WDM Analyzer

Wiavelength (nm) Gain (cdB) Maise Figure (dB)
1605 1233113 Fa2012
1E00.02 1201 0605 4. 70405
1595.06 11749946 4 51694
159014 11 464271 4 95534
1565.25 11112767 22722
158035 10 654547 574441
157555 10 BST0E9 645346
157075 10557212 7.99175
1565.97 15 603946 4 64713
1861.23 184691352 408155
1556.51 1959759 3.80083
1551.82 195561 96 380415
1547 16 1919424 3.EITEE
1542.53 17570943 351692
1537.93 17 243656 4 04521
153335 19.893962 4.119329
< |
Analysis pﬁ Defails f

Signal Inde:-::l? E

— %W avelength

Unitz: | nrn

— Power

Urnits: |dBm ™

|

— Rezolution B andwidth—

Fes |0.70000 nm

;




DYNAMIC AMPLIFIER USING YTTERBIUM-DOPED FIBER

Dynamic Amplifier Using Ytterbium-Doped Fiber

The objective of this lesson is to demonstrate the amplification of a sequence of
Gaussian pulses by an ytterbium-doped fiber amplifier using the dynamic model.

To analyze the dynamic characteristics of the high-power ytterbium-doped double-
clad fiber amplifier considering pulses in repetition rates of KHz, a dynamic ytterbium-
doped fiber model is necessary.

In this case, a sequence of 5 Gaussian pulses with a repetition rate of 100 KHz was
used.

Figure 1 shows the system designed for this simulation. See sample
Ytterbium_Double Clad_Dynamic_100KHz.osd.

Figure 1 System layout of the fiber amplifier

S A
e |
[”-DJ- _)p\_ t; E Optical Time Domain “Jzualizer
Uzer Defined Bit Sequence Generatar Optical GauZzian Pulze Genergtor E
Bit rate = Bit rate Bitslz Fraquancy = 1064 nm Ty v '
Powsr = &0 alf v l==-!
: b Ooped Fiber Dynamic
Length = 10 m
J*%
l': Fump Laser
"""""""""" A Frequancy = 915 nm
Optical Time Domain sualizer_1 Power = 20 W7

The input pulse peak power is 50 W and the energy in the pulse is 1uJ. The optical

signal in the amplifier input with the sequence of Gaussian pulses is shown in Figure
2(a)
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Figure 2 Optical signal at the amplifier (a) input and (b) output
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The optical signal amplified is shown in Figure 2(b).
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The first output pulse exceeds the successive ones because the energy stored in the
amplifier was not recovered before the successive pulse.

The first output pulse can be seen in Figure 3.

Figure 3 First output pulse
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Notes:
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GAIN FLATTENING FILTER OPTIMIZATION

Gain Flattening Filter Optimization

EDFAs have a wavelength-dependent gain; i.e., some wavelengths are amplified
more than others. A gain flattening filter restores all wavelengths to approximately the
same intensity. Project Gain Flattening Filter Optimization.osd demonstrates the
gain flattening filter optimization engine that is included with OptiSystem.

The system layout is presented in Figure 1. The WDM Transmitter generates eight
channels from 195 THz to 196.4 THz, with power of -20 dBm per channel. The Gain
Flattening Filter component is placed after the EDFA and it will equalize the amplifier

gain.
Figure 1 System layout of the fiber amplifier
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Figure 2 shows the steps to access OptiSystem optimization dialog box.
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Figure 2 Accessing the optimizations
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Figure 3 shows the main parameters of the optimization. The optimization will run 10
times, targeting a gain ripple of 0.1 dB from 1500 to 1600 nm. The minimum
transmission value for the filter is -40 dB and the maximum value is -0.1 dB. The
transmission values of the filter will be optimized at the user defined frequencies
defined in the filter. The components tab should have the filter component selected
and the visualizers tab should have the dual port analyzer selected.

In order to run the optimization, simply calculate the project. Make sure the 'Run all
optimizations' check box is enabled. During the calculation the user can click on the
Optimization tab and visualize the progress of the optimizations (Figure 4).
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Figure 3 Optimization main parameters
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Figure 4 Optimizing the filter
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In this particular project we have the signal before and after the gain flattening filter
available in the report page (Figure 5). The shape of the filter is also available in the
report. The user can also visualize the overall gain of the amplifier using the WDM
analyzer and the value of the filter transmission values by looking at the filter
‘Transmission’ parameters.
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Figure 5 Signals before and after the filter:
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Notes:
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AMPLIFICATION OF MULTIPLE MODES IN ER-DOPED MULTIMODE FIBERS

Amplification of multiple modes in Er-doped
multimode fibers

The Er-doped Multimode Fiber component was designed to allow the analysis of
multiple modes ampilification in large mode area fibers. The components are very
similar to the original single-mode doped fiber amplifiers, however now the refractive
index information and ion distribution profile can be defined by the user (see main tab
parameters in the figure below).

Figure 1 Doped fiber parameters

Label: |Er [oped Multimode Fiber Cost$: | 0.00
. . . . . . Cancel
Cros... | Enha.. | Mume.. | Graphs | Simul.. | Moise | Rand.. ]
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A
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¥ |Er metastable lifetime 10ims Normal Seript
¥ |Refractive index profile Step index Normal
¥ |Core radius 12.5:um Normal
¥ |Core refractive index 1.45 Normal
¥ |Mumerical aperture 0.08 Normal
[~ |OptiFiber file format -
[~ |Refractive index file name |l
¥ |Erion density 50e+024 im"-3 MNormal
¥ |Er doping radius 12.5:um Normal Load...
¥ |Erion density distribution | Uniform Normal
[~ |Erion density distribution |l Save Az
Security...
Help

Based on the parameters specified, the component's mode solver calculates the
modes supported for the signal, pump and ASE bands. The user can also define if all
supported modes will be equally excited ( for pump and/or signal channels) or the
power distribution ratio between the supported modes will be calculated based on
coupling coefficients, in this case an initial optical excitation field has to be defined for
pump and/or signal.

The following example shows an erbium-doped fiber (double clad fiber), where all
signal modes supported are equally excited (MM EDFA
ExampleAllModesEquallyExcited.osd).
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Figure 2 System layout.
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The refractive index profile (step index) and Er ion distribution (uniform) used are
displayed in the figures below:

Figure 3 (a) Refractive index profile and (b) lon distribution.
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After running the simulation, the following results were obtained:

Total Signal, Pump, and ASE power evolution along the fiber length.
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Dbl Click On Objects to open properties. Move Objects with Mouse Drag

AMPLIFICATION OF MULTIPLE MODES IN ER-DOPED MULTIMODE FIBERS

Figure 4 Total Signal, Pump, and ASE power evolution along the fiber length.
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The fiber at 1550 nm (signal wavelength) supports 3 guided modes: LP01 and LP11
(two helical polarities).

The normalized radial intensity (azimuthal angle is 0) for LP01 (black line) and LP11
(red line) are displayed in the figure.
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Figure 5 Radial profiles.
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The power evolution along the fiber length for LPO1 (black line) and LP11 - sum of the
sin and cos components - (red line) were also calculated.

Figure 6 Power evolution.
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Based on the modes power distribution at the fiber output, the profile of the output
beam is displayed:
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Figure 7 Output beam.
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Notes:
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S-BAND AMPLIFICATION USING TM-DFA

S-band amplification using Tm-DFA

The system designed amplifies a set of 16 channels in the S-band going from 1450
nm to 1525 nm. Three different amplifier lengths are simulated and the gain curve is

plotted in the report page.

Sample: MODB_ModulationSystem.osd

Figure 1 Thulium-doped fiber amplifier layout.
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S-BAND AMPLIFICATION USING TM-DFA

Figure 2 Gain curves for 2.4 m (black), 7 m (red), and 8.1 m (green) of Tm-doped fibers.
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ULTRASHORT PULSE FIBER LASER

Ultrashort Pulse Fiber Laser

The system demonstrates a fiber laser, based on passive mode locking using a
saturable absorber, capable of producing ultrashort pulses

Sample: UltraShortFiberlaser.osd

The system layout presented in the figure below is a unidirectional ring cavity
composed of an optical fiber amplifier (here represented by a gain fiber numerical
modeling that is emulating an ytterbium-doped fiber), an undoped fiber and a DC
component that can be varied to change the net cavity dispersion. The saturable
absorber is used to achieve mode locking and generate the optical pulse. The white
light source provides the noise that initialize the pulse generation.

Figure 1 Ultrashort pulse fiber laser layout.

The system run multiple iterations and the convergence monitor component stops the
calculation once the output pulse reaches a stable condition.
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Figure 2 Output (a) spectrum and (b) time-domain signal after first iteration
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Figure 3 Output (a) spectrum and (b) time-domain signal after convergence in the results (1293 iterations).
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