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We would like to express our thanks to Eric Hennessey, who has given us permission to use his report, "Seeing the Light: Multi-Wavelength Optical Networks", as an example  and to adapt the report to meet the stylistic and format requirements of our textbook.1 The central purpose for Eric’s report is to provide information to his supervisors about the work he performed for the Optical Networks Division of Nortel Networks Corporation during cooperative education (co-op) employment in 2000. After completing the co-op, Eric submitted another version of the report to the Simon Fraser University School of Engineering Science to fulfill the work-report requirement for co-op. This second version of the report provides more background explanation than the first version because it is written for an audience unfamiliar with his work.

In addition to being very well written, we have chosen to use his report for several reasons. First, the report provides a good example of the various format issues that must be considered when writing reports. Second, the report is quite interesting, examining as it does a contemporary engineering topic. We hope that as well as considering the style, format, and organizational issues in the report, you will also read the report for its content. 

We would also like to thank Nortel Networks Ltd. for permission to reprint the following figures included in the report: Figures 1, 2, 4, 5, copyright © Nortel Networks Ltd., 1998, all rights reserved; Figure 3, copyright © Nortel Networks Ltd., 2000, all rights reserved.


Whitmore/Stevenson
Note the descriptive title used here, "Seeing the Light: Multi-Wavelength Optical Networks", rather than something more generic such as "Co-op Report". A good title briefly summarizes the content of the report so that readers have a sense of what the report is about prior to reading it.

Whitmore/Stevenson
As well as a descriptive title, the title page usually includes the version number and date (if applicable), the author’s name and institutional affiliation (or course name and number), and the name and institutional affiliation of the person to whom the report is submitted. Note that the format Eric used to present this information is relatively plain and linear. The font is a sans-serif font (Arial) and only two font sizes are used (24 point for the title and 16 point for the remainder of the information). Nevertheless, the placement of the title itself is rather interesting, occurring as it does about  1/3 of the way down the page.

One way to increase the impact of the visual elements of a document (and for this purpose, the title can be considered a visual element) is by placing them strategically on the page. Readers tend to look first at certain parts of a page when they initially glance at it or when reading it. Often, readers initially look  about 1/3 of the way down the page (sometimes referred to as the "optical center"). By locating the title where he has (rather than in the middle of the page as do many writers), the author has subtly emphasized it.

You might find it useful to experiment with different ways of presenting the information until you find one that is visually appealing (bearing in mind that usually the title and author are given the greatest prominence). 
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Revision History 
 
Version 1.0 (December, 2000): Original version of report prepared for Nortel Networks. 
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Version 2.0 (January, 2001): Version of report prepared for inclusion as an example in the text 

Engineering Communication (Steve Whitmore and Susan Stevenson). 
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The "revision history" of a document is frequently included in the prefatory pages of project reports because these documents often undergo several iterations during the life of a project and may be revised by several different people. Project team members (or technical writers) need to know whether they are working with the most current document in order to avoid needless work (i.e., making changes that have already been made by someone else). In addition, they may need to know the nature of the changes made to previous documents, especially when reverting to an earlier design.

In this case, we chose to add the revision history page to this other type of report because we had worked with several different versions of the report. In other documents (particularly theses and user’s manuals), the second page is generally used for a "copyright notice", such as the following:

© Copyright 1997 by Jane Rumplestiltskin. All rights reserved. This work may not be reproduced in whole or in part, by photocopy or other means, without the express written consent of the author.

This page can also be used to indicate that the report is confidential and that the material should not be circulated outside of the company. (Sometimes this confidentiality notice is placed on the title page and repeated in a header or footer throughout the document.) When this page is not included, then page ii is usually the abstract or executive summary.
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Note the convention used here for numbering the prefatory pages: lowercase Roman numerals (ii, iii, iv, etc.) centered at the bottom of the page. This convention, while traditional, is frequently not used in industry. Instead, reports are often numbered using Arabic numbers (2, 3, 4, etc.) placed in the upper right-hand corner of the document (or in the upper outside margins when printing on both sides of the page). Note that the title page rarely has a page number placed on it, even though it is counted as page i or l.
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Abstract 
 
Many physical effects are manifest in the node-to-node transmission of multiple optical signals over a 
single fiber, all of which impair the reliability of data transmission. Some of these effects include linear 
chromatic dispersion, self- and cross-phase modulation, four wave mixing, stimulated scattering, and mid-
span optical amplifier properties such as non-uniform signal amplification and the introduction of noise. 
Many strategies exist to compensate for these negative effects, and this report discusses several of the 
principal ones: dispersion compensation modules, fiber type, wavelength allocation plans, peak signal 
power control within the amplifiers, and transmitter launch power adjustment. To ensure reliable data 
transmission, some of these techniques must be specifically and procedurally employed by introducing 
additional mid-span equipment such as optical add/drop multiplexers, which extract and introduce new 
signals entirely at the optical level. An example of such a need involves adjusting the input signal power 
levels to compensate for amplifier-induced noise. 

Whitmore/Stevenson
An "abstract" should clearly indicate in less than a page the technical content and scope of the report, providing the main points without the supporting detail. In the abstract, you should generally avoid using acronyms (except for the most common ones), referring to other documents, or duplicating the language used in the introduction to the report. The abstract is not an introduction, but rather a succinct summary of the contents of the report that readers use to determine whether to read the entire document. Keep in mind that an abstract can be copied and placed in on-line databases or indexes. Researchers search by keyword to identify abstracts for articles on a particular topic and then read the abstract to determine whether the full text is worth locating and reading. Abstracts should, therefore, be written as standalone documents.

This sample abstract, for example, was copied and placed in an index of abstracts in order for other students to determine whether they were interested in working for the same employer or whether they wanted to read the entire report to ascertain whether they were interested in working on this type of project.

An "executive summary" (sometimes just called the summary) is superficially similar to an abstract. The purpose for an executive summary, however, differs significantly from that of an abstract in that executive summaries are generally persuasive in nature while abstracts are informative. We provide an example of an executive summary in executive_summary.pdf..
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Often an acknowledgments section is included in the prefatory pages, but in this report, Eric chose to place his acknowledgments in the final paragraph of the conclusion because they were relatively brief. Had his acknowledgments been more extensive, he likely would have placed them on a separate page after the abstract. The acknowledgments section is used to thank individuals who have played a significant role in the preparation of the document. You may choose to thank people for their technical, writing, or clerical contributions, for funding supplied to a project, or even for personal support. Generally, acknowledgments are best kept short and to the point as in Eric’s conclusion: “I thank Mike Moyer and Sik Heng Foo for their support in the writing of this report and for readily providing helpful technical assistance throughout the work term.” A more effusive thank you could be embarrassing to the contributor or could suggest to the reader that Eric’s contribution was minimal.
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A table of contents is generally provided for reports that are longer than 10 or 12 pages in order to enable readers to easily find various sections of a report. In addition, a table of contents can function as an overview of the structure of the report for readers, thereby increasing their comprehension of the technical material covered in the report.

In this particular report, the word processing program generated the table of contents automatically. That made it relatively easy to update when various sections were added and removed. However, the automatic table of contents does have some drawbacks of which you should be aware. First, most programs will automatically include a listing for the table of contents in the table of contents (a rather illogical inclusion if you think about it). Consequently, you may find it necessary to edit the table of contents to eliminate this circular reference. Also note that the title page should not be listed.
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Typically, the table of contents lists the headings down the left-hand margin and the page numbers down the right-hand margin. Often the headings are connected to the page numbers using "dot leaders". These dots help the reader locate the page number that goes with a specific section. Although this feature is of little concern when the table of contents is relatively short, it becomes more important in lengthy tables of contents.

Dot leaders are not simply a series of periods manually typed in, but rather they are related to the tab function and can be inserted automatically. In fact, if you try to use periods rather than dot leaders, you will quickly discover that not only do you waste a lot of time, but the page numbers will fail to line up properly. Also note that you use the left tab rather than the right tab to line up page numbers.

Another point that you should bear in mind with the automatic features for inserting a table of contents is that most word processors will take the default formats from the style sheet and apply them to the dot leaders and the page numbers. Consequently, you could end up with dot leaders and page numbers in varying font styles (plain, bold, italic, etc.) and sizes (12, 14, 16, etc.). This process results in a decidedly odd appearance for the table of contents. We recommend that you set up your own basic style for the table of contents. Keep in mind that the success of any report depends not only on its content but also on its appearance.
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The format of the table of contents should also clearly indicate the level of each heading. In the example, indentation is used to identify subsections. The numbering system, of course, also helps distinguish the level of the headings. The table of contents typically lists at least two levels of headings. In the vast majority of cases, you should need no more than three levels. An important exception to this guideline is that you may choose to list all heading levels for functional and design specifications to help readers locate specific information.



v 

List of Figures 
 
Figure 1: An Optical Link............................................................................................................................. 2 
Figure 2: A DWDM Link ............................................................................................................................. 3 
Figure 3: OADM System Diagram ............................................................................................................. 10 
Figure 4: A Typical OADM Site................................................................................................................. 10 
Figure 5: OADM Applications ................................................................................................................... 11 
 
 
 
 
List of Tables 
 
Table 1: MOR/MOR Plus ITU Grid ............................................................................................................. 4 
 

Whitmore/Stevenson
If you have only one or two figures or tables in a relatively short (up to 10-page) document, you can generally omit the lists of figures and tables. In this case, however, the report has five figures and one table so including a list of figures is important. Note that lists of figures and tables are formatted in a fashion similar to the table of contents. Again the automatic features of the word processor can be used to produce these lists.

Whitmore/Stevenson
Although figures and tables are generally listed on separate pages, if they are relatively short you can include both lists on the same page. In that event, the list of figures is physically separated from the list of tables by about an inch of space. Make sure that you do not simply mix together the figures and tables into a single list. In most cases, you exclude from these lists any figures or tables included in appendices. Graphics in appendices are typically referred to in the text by appendix and page (i.e., “See Appendix A, p. 18”). You can use the cross-referencing feature included in your word processor for these references.



vi 

Glossary 
 
BER: Bit Error Rate 
DCM: Dispersion Compensation Module 
DSCM: Dispersion Slope Compensation Module 
DWDM: Dense Wavelength Division Multiplexing 
EDFA: Erbium-Doped Fiber Amplifier 
MOR: Multi-wavelength Optical Repeater 
NDSF: Non-Dispersion Shifted Fiber 
OADM: Optical Add/Drop Multiplexer 
OC: Optical Carrier 
OSA: Optical Spectrum Analyzer 
OSNR: Optical Signal to Noise Ratio 
STS: Synchronous Transport Signal 
 

Whitmore/Stevenson
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1. Introduction to Optical Networks 

1.1. Nortel Networks 

Nortel Networks has grown to become a global Internet and communications leader, with 75,000 
employees worldwide generating over 30 billion dollars in revenues. Though Nortel has a broad focus, 
spanning optical, wireless, and local Internet, a significant portion of its revenue can be attributed to its 
optical networks division; sales of Nortel optical networks alone are expected to exceed 14 billion dollars 
in the year 2000. Optical networks, the primary means of fast and large-volume data transfer, are evolving 
at an incredible speed. They boast ever faster data transfer rates, with 400 gigabits per second (Gb/s) 
capacity commercially available, and continually increased reliability. Nortel currently boasts a bit-error 
rate (BER) of 10-15 on many of its networks. 

1.2. Dense Wavelength Division Multiplexing 

One attractive advance in network technology involves the transmission of multiple signals 
simultaneously over a single optical fiber, called dense wavelength division multiplexing (DWDM). 
DWDM technology enables an upgraded system using existing fiber plant to multiply its capacity many 
times over. Nortel is currently working towards 160-wavelength DWDM systems. 

1.3. Complications of DWDM 

Advances in DWDM, however, bring with them associated difficulties involving the fundamental 
properties of light and the method of its transmission. As optical signals simultaneously propagate down a 
fiber, they experience many physical effects, including the following: 
 

• Linear chromatic dispersion 
• Four wave mixing 
• Self- and cross-phase modulation 
• Stimulated scattering 

 
Because these effects hinder the correct interpretation of signals at their destinations, allowances must be 
made and counteracting procedures performed. Additionally, a signal can be optically amplified a number 
of times between its point of transmit and its final destination. This amplification further modifies the 
signals, and the relationships among them, through the following amplifier properties: 
 

• Non-uniform signal amplification 
• Noise introduction 

 
A variety of techniques must be used together to minimize these effects. 

1.4. Mid-Span Access Equipment 

Transmitting data reliably is complicated even more by the introduction of additional optical equipment 
between transmit and receive locations. This equipment performs useful tasks, such as routing with the 
use of optical add/drop multiplexers (OADMs) that extract and introduce new signals entirely at the 

Whitmore/Stevenson
While page numbers are usually placed in the upper right-hand corner, they are sometimes located in the lower right-hand corner. (On reports printed on both sides of the page, numbers would, of course, alternate between left and right sides of the page.) Page numbers are sometimes omitted from page 1, but this practice is becoming increasingly rare.

Although not employed in the example report, headers are sometimes used to provide the company name, to indicate that a report is confidential, or in the case of a lengthy report, to identify subsections for the readers. Headers are usually located about one-half inch from the top of the page and about one-half inch above the text. Proposal.pdf demonstrates how to use headers and footers.


Whitmore/Stevenson
The headings for reports usually employ a different font than the body of the report. In this case, a sans-serif font, "Arial", is used for the headings and a serifed font, "Times New Roman", is used for the body of the document. The heading levels are also indicated by both a numbering system and decreasing font sizes (from 18 point for level one to 14 point for level two and 12 point for level three). Other methods you can use to distinguish between heading levels include the use of capital letters, italics, and indentation. As a final point, note that the numbering for this report is automatically supplied by the word processor, and we suggest you use this feature because it easily allows you to promote, demote, remove, add, or move sections without manually changing heading numbers.
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The first paragraph of the example report provides general background about where the author was working and what he was writing about. Because this report was submitted to various university instructors who might be unfamiliar with both the company and the topic, this general background is necessary. However, in the initial draft of this report, which was solely intended for circulation inside the company, this section was omitted.
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This section provides the technical background about Dense Wavelength Multiplexing necessary to understand the rest of the report. Note that the original report provided to the employer started with this section.

You should also note the convention employed for placing the various headings in relation to the text. The headings are closer to the text that they entitle (1 blank line) than they are to the preceding text (2 blank lines). We recommend that you follow this convention as it more clearly delineates sections than the practice of placing headings midway between sections of text.
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optical level. However, it also unintentionally modifies signal relationships such as power levels and 
noise quantities that are relevant to the quality of the signals. Special consideration must be given to the 
overall node-to-node transmission when this equipment is included. Later sections of this report describe 
techniques that are effective in circumventing such performance decreasing factors. 

2. DWDM Optical Networks 

2.1. DWDM Links Defined 

Dense wavelength division multiplexing (DWDM) is a powerful approach to increasing the bandwidth of 
existing networks without laying more fiber. It involves transmitting multiple signals simultaneously over 
a single optical fiber. This approach is possible because a property of light is that multiple photons can 
occupy the same space, as illustrated by the unimpeded crossing of two flashlight beams (Willner 1997, 
35). Simultaneous transmission is accomplished by allocating certain signals to certain wavelengths of 
light, so that DWDM is analogous to the technique used to broadcast many different radio channels by 
placing them on carrier waves of different frequency. However, when many signals are concentrated in a 
narrow span of wavelengths, they must be spaced closely together, which leads to unwanted physical 
effects (see Section 3, Optical Layer Physical Effects). 
 
An optical link is shown in Figure 1. 

 
Figure 1: An Optical Link1 

An optical link begins when a network node transmits signals as light into a fiber span. These signals may 
be coming from many different sources and line-rates, called tributaries, with common sources including 
the Optical Carrier (OC) 12 and 48 levels (where the n in OC-n represents a capacity of (n * 51.84) 
megabits per second capacity). The electrical analog to the OC standard is the Synchronous Transport 
Signal (STS). Signals are combined into an OC-192 signal (10 gigabits per second per channel), and the 
light can travel long distances through optical fiber because it is optically regenerated at line amplifier 
sites as needed to preserve signal levels while not degrading the signal quality past a certain threshold. 
When the signal arrives at its destination, a network node receiver converts the light back into an 
electrical signal and further routes it. This conversion terminates the link. 
 
As indicated in Figure 2, in DWDM, multiple transmitters operate at different wavelengths, sending 
optical signals into a multiplexer which combines onto one fiber the signals that were previously traveling 
separately. These signals then travel together and, for the most part, are amplified together. For reasons 
discussed in Sections 3 and 4, some wavelength groups are amplified separately. Often a link will be bi-
directional, with many wavelengths travelling in different directions to reduce the interaction among 
signals. Some wavelengths may be routed away from the link and others added at special mid-span sites 
using optical add/drop multiplexers (OADMs). Once the signals are near their destination, they go 

                                                      
1 All figures, except Figure 3, are from “S/DMS TransportNode: Advanced Optical Networking Solutions for Global High-
Capacity Transport Applications”, courtesy of Nortel Networks. 

Whitmore/Stevenson
Note that the references for where the information was obtained are provided in the text in the following manner: (Willner 1997, 35). This author-date convention helps readers identify the source for the information listed in the reference list. Note, however, that referencing conventions differ from discipline to discipline, and you should examine sample documents for your field and/or speak with your instructors or supervisors about which convention to use. 

Whitmore/Stevenson
As the example report illustrates, prior to presenting a figure or table, you should mention it in the text. We recommend that you develop the habit of mentioning the figures and tables by number ("Table 1" or "Figure 3") rather than by phrases ("the figure below" or "the table on the next page"). Although not that important an issue in the reports you prepare for school, when submitting articles for publication, failing to identify figures and tables by number could prove problematic. Because of space constraints, a figure that you expected to appear below where you mention it may end up appearing earlier or even several pages later.

We also recommend that you use your word processing software to automatically number figure captions. This practice will allow you to easily add, delete, or move figures without expending time and effort to manually renumber them. Similarly, we suggest that you cross reference the mention of a figure (or table) in the text with the figure (or table) caption. This practice ensures that if figures are added, deleted, or reordered, the reference will automatically adjust to accommodate that change.
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Note that, following the traditional convention, the figure caption is placed below the figure, whereas an evolving convention places the caption above the figure. Also note the manner in which punctuation and capitalization are used in the figure caption. In the example report, the figure number is followed by a colon and all major words are capitalized. In addition, the caption is presented using a boldface font. Alternatively, you might use a period in place of the colon, and you might choose to capitalize only the first word following the colon:

Figure 1. An optical link

In other cases, figures are numbered according to the section of the report in which they are placed. Using this convention, Figure 1 in the example report could be numbered as follows:

Fig. 2.1-1: An optical link.

As you may also note, the above example abbreviates the word "Figure" to "Fig."—another common option. Which particular convention you choose will often be a matter of which convention is widely used in your particular engineering field or what is standard within your company.
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The author of this report used footnotes to indicate the sources of figures he adapted for the report. Rather than using footnotes, he could have simply made the reference part of the caption:

Figure 1: An Optical Link (Nortel Networks, 1998, 25)

He chose to use a footnote in this case because most of the figures came from the same source. This footnote uses a separator line and a smaller font to clearly distinguish the footnote from the text.
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through a demultiplexer and are again separated into their individual fibers, after which they may be 
received. The Multi-Wavelength Optical Repeater (MOR) and MOR Plus series of optical regenerators 
support up to 16 and 32 wavelengths, respectively. A full MOR Plus DWDM link is shown in Figure 2. 
 

 
 

Figure 2: A DWDM Link 

2.2. DWDM Systems 

Two of Nortel’s DWDM systems are the Multi-Wavelength Optical Repeater (MOR) Plus system capable 
of supporting 32 wavelengths and the OPTera 1600G series of amplifiers that commercially support 40 
wavelengths (uni-directional), with plans for extensions up to 160 wavelengths. Both systems involve 
specific hardware used to reliably and consistently amplify multiple wavelengths, and follow specific 
standards, including which wavelength signals may be assigned to OADM sites and which may be added 
or dropped at these sites. For example, the MOR Plus standard allocates sixteen wavelengths between 
1547.5 nm and 1561 nm to the red band, which propagates in the opposite direction to the sixteen 
wavelengths between 1527.5 nm and 1542.5 nm in the blue band. An extra wavelength is allocated for a 
spare and another for service.  
 
Table 1 lists the wavelength allocation plans on the International Telecommunications Union Grid for the 
MOR and MOR Plus standards, which are valid on the fiber type known as non-dispersion shifted fiber 
(NDSF). Symbol X represents a valid channel, and OADM represents a valid channel that may be 
optically added or dropped, mid-span. 



4 

 

Table 1: MOR/MOR Plus ITU Grid 

Number of Wavelengths in Application ITU-T λ Grid 
100-GHz 

Spacing (nm) Up to 32 Up to 24 Up to 16 Up to 8 

1560.60 SPARE SPARE SPARE SPARE 
1559.79 OADM    
1558.98 OADM OADM OADM  
1558.17 X    
1557.36 OADM OADM OADM OADM 
1556.55 OADM    
1555.75 OADM OADM OADM OADM 
1554.94 OADM    
1554.13 X X X  
1553.33 X    
1552.52 X X X X 
1551.72 X X   
1550.92 X X X X 
1550.12 OADM OADM   
1549.32 OADM OADM OADM  
1548.51 X X   
1547.72 X X X  

     
1541.30 SPARE SPARE SPARE SPARE 
1540.56 OADM    
1539.77 OADM OADM OADM  
1538.98 X    
1538.19 X X X  
1537.40 OADM    
1536.61 OADM OADM OADM  
1535.82 X    
1535.04 OADM OADM OADM OADM 
1534.25 OADM OADM   
1533.47 OADM OADM OADM OADM 
1532.68 OADM OADM   
1531.90 X X X  
1531.12 X X   
1530.33 X X X X 
1529.55 X X   
1528.77 X X X X 

 MOR Plus Applications Only MOR and MOR Plus Applications 

2.3. Link Performance Measurement 

To assess how well our system (link) is performing, and to know how we must modify it to enhance its 
performance, we need techniques of predicting how many errors will result over some length of time 
while transmitting our data. Two popular methods for predicting this bit-error rate (BER) involve the 
optical signal to noise ratio (OSNR) and system Q. 

Whitmore/Stevenson
In the convention used here, the caption for the tables is placed above the table while the caption for a figure is placed below it. A different convention places all captions below the figures and tables while yet another convention places all labels above the figures and tables. Which particular convention you choose to use generally depends on the conventions typically used in the company or discipline for which you are writing. Perhaps the most important point here is being consistent irrespective of the convention you finally adopt.
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2.3.1. Optical Signal to Noise Ratio 

OSNR is obtained by taking the optical signal power and dividing it by the noise power in a certain 
bandwidth, which can be easily observed through the use of an optical spectrum analyzer (OSA). Most 
demultiplexers include a monitor tap that the OSA can be connected to in order to obtain the OSNRs of 
all channels just before they reach their receiver sites. Although we observe a signal of reduced power, 
the noise floor is reduced proportionally, yielding the same OSNR. This information tells us how easily 
the receiver will be able to interpret the signal without errors. We also use data on the channel OSNRs 
relative to each other in a process called equalization, where input transmitter power is adjusted to obtain 
roughly equal OSNRs over all the channels. 

2.3.2. System Quality 

Another measurement technique involves obtaining system Q. Using this number in connection with an 
understanding of how an optical receiver makes optimizing decisions in the resolution of signals allows 
us to determine channel BER performance. 
 
System Q is defined as in Equation 1 
 

 
01

01

σσ +
−

=
IIQ , (1) 

 
where I1 is the signal level for the 1 bit and Io the signal level for the 0 bit, with σ1 and σ2 the respective 
root mean square noise variances in a 1 and a 0 bit respectively, at the receiver (Verreault, 1999, 599). For 
more information on system Q, see Fiber-Optic Communications Systems (Agrawal 1997, 170-172). 

3. Optical Layer Physical Effects 

3.1. Effect Descriptions 

Optical layer physical effects such as fiber loss, linear chromatic dispersion, four wave mixing, self- and 
cross-phase modulation, and stimulated scattering all contribute to the degradation of optical signals as 
they travel through an optical fiber. 

3.1.1. Fiber Loss 

Every type of fiber has an associated amount of attenuation per length of fiber and is wavelength 
dependent. As the signal propagates down the fiber, it is progressively attenuated. As an example, Nortel 
Network’s “S/DMS TransportNode: 200 GHz, MOR/MOR Plus, 2 to 16-lamda Optical Layer 
Applications Guide” lists a 0.21 to 0.25 dB/km loss over NDSF fiber. Optical amplifiers are necessary to 
amplify the attenuated signal if system reach is to be extended. 

3.1.2. Chromatic Dispersion 

In most current DWDM systems, chromatic linear dispersion is the largest factor in signal distortion 
(Verreault, 1999, 600). This effect occurs because silica fiber has the innate property that its index of 

Whitmore/Stevenson
Note that equations are centered from left to right and are punctuated as if they were part of the sentence. Also note that the equations are numbered using a convention that places the numbers inside parentheses at the right-hand margin. As with headings and captions, the automatic number feature of the word processor was used. 
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refraction is a function of wavelength. But the speed of a lightwave is dependent on the refractive index 
of its medium, meaning that different wavelengths propagate down a fiber at different speeds. A signal 
experiences no dispersion at a particular wavelength, λo, which is dependent on the type of fiber being 
used (see Section 3.2.1). A wavelength pulse is made from a number of spectral components that travel at 
different speeds down the fiber. Consequently, the transmission pulse spreads, with slower energy 
components lagging and faster components proceeding the main energy group. These variations create 
intersymbol interference and a higher BER. 

3.1.3. Four Wave Mixing 

Four wave mixing involves the transfer of power between wavelengths. The fiber’s physical properties 
cause signals centered at optical frequencies ω1, …, ωn to interact and create new frequencies at 
combinations and multiples of the parents. For example, we may find lower power signals at ωi - 2ωj and 
ωi - ωj + ωk. 

3.1.4. Self-Phase Modulation 

Self-phase modulation occurs in high-speed optical systems due to fiber non-linearity. Specifically, the 
refractive index varies with light intensity. Because the rise and fall times of a bit are finite, the intensity 
variations induce a phase change (Willner 1997, 39), thereby creating new frequencies that then travel at 
different speeds down the fiber, resulting in either time compression or spreading of the bit. 

3.1.5. Cross-Phase Modulation 

Two pulses overlapping in a fiber cause a local power increase that changes the refractive index and 
causes another phase change in the same manner as that caused by self-phase modulation. The intensity at 
one wavelength modifies the refractive index at its own wavelength as well as the refractive index 
experienced by neighboring wavelengths. In this case, dispersion is beneficial because it spaces out the 
signals, reducing overlap. 

3.1.6. Stimulated Scattering 

The nonlinear effects of stimulated scattering have a variety of sources. Stimulated Rayleigh scattering is 
a loss mechanism involving light scattering from small-scale differences in the internal refractive index of 
the fiber. These differences are caused by microscopic density fluctuations introduced during the 
manufacturing process. Stimulated Brillioun scattering and stimulated Raman scattering both involve 
inelastic scattering of light with phenons, causing the wavelength of the scattered light to shift upwards 
(Agrawal 1997, 59-62). These effects reduce signal power and cause degradations.  

3.2. Solutions 

Some strategies that are employed to compensate for these negative physical effects include the use of 
specific fiber types, dispersion compensation modules, pre-distortion, and wavelength allocation plans, as 
described below. 
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3.2.1. Fiber type 

Dispersion can be partially reduced by carefully selecting the fiber type to be used in the optical system. 
The following is a list of typical fiber types and their center frequency λo, as described in Nortel 
Network’s “S/DMS TransportNode: 200 GHz, MOR/MOR Plus, 2 to 16-lamda Optical Layer 
Applications Guide” (1999): 
 

• Non dispersion shifted fiber (NDSF): λo near 1310 nm, meaning positive dispersion for the 
typical wavelengths, in the 1550 nm range 

• TrueWave Classic: λo < 1530 nm 
• TrueWave RS: λo < 1452 nm 
• LEAF: λo < 1513 nm 
• E-LEAF: λo < 1500 nm 

3.2.2. Dispersion (Slope) Compensation Modules 

Because different wavelength channels travel at different speeds, we can observe their dispersion relative 
to one another to determine how much dispersion compensation is required. We can also determine 
polarity, which is positive if the shorter wavelengths travel faster than the longer ones, and negative if the 
shorter wavelengths travel slower than the longer ones (Willner 1997, 39). 
 
One main method of dispersion compensation involves the use of dispersion compensation modules 
(DCMs), which are modules that introduce dispersions with opposite signs to the transmission fiber. As 
the wavelengths used become more numerous and over a greater range, the difference in dispersion 
experienced by each channel is no longer minor, and a dispersion slope compensation module (DSCM) 
must be used that provides wavelength dependent dispersion compensation. 
 
Alternating between allowing the signals to disperse and correcting them as they travel along the fiber is 
useful because dispersion along the line helps to decrease nonlinear effects such as cross-phase 
modulation. 

3.2.3. Pre-distortion 

Most transmitters can be adjusted to pre-compensate signals with either a positive or negative chirp 
(which should be set to the opposite of the expected dispersion of the fiber). A chirp affects a pulse’s 
spectral contents over a bit period such that the signal experiences compression rather than expansion 
over its propagation distance, which counteracts the fiber dispersion. 

3.2.4. Wavelength Grids and Spacing 

Standards are set for the wavelength distribution with three main points in mind. 
 

1. We want as many wavelengths as possible, with as small a spacing between them as possible. 
2. The larger the spacing between wavelengths, the more dispersion issues, but the less inter-

channel cross talk, such as four-wave mixing. 
3. Channels moving in opposite directions experience less inter-channel interactions. 

 
See Section 2.2 for an example of four wavelength plans for the MOR/MOR Plus systems. 

Whitmore/Stevenson
Note the use of a bulleted list to outline typical fiber types and their center frequencies. The list is introduced by a grammatically complete sentence but is not punctuated as part of that sentence; however, in some reports, bulleted lists are punctuated. Choose the approach common in your field, or else pick the one you prefer and use it consistently.

Also, if you haven’t already noticed, the convention being used for paragraphing involves inserting a blank space between paragraphs rather than indenting them. This blank-space convention is most commonly used in technical reports.




8 

 

4. Amplifier Effects 

4.1. Effect Descriptions 

Similar to the optical layer physical effects treated above, mid-span optical amplifiers possess properties 
that degrade signal performance, including non-uniform signal amplification and the introduction of 
noise. 

4.1.1. Non-uniform Signal Amplification 

Doped fiber amplifiers are currently the most popular amplifier technology sold commercially (Verreault 
1999, 600), with erbium-doped fiber amplifier (EDFA) technology leading the way. EDFA modules are 
capable of amplifying signals over the massive spectrum of 180 nm in the 1550 nm range. One drawback, 
however, is that the gain profile of the modules is not flat over this wavelength range, causing 
discrepancies in the amount of amplification each channel experiences. If these amplifiers are cascaded, 
this effect is significantly more pronounced. 

4.1.2. Amplifier-Induced Noise  

EDFA modules consist of silica glass fiber doped with erbium ions. The erbium ions are then excited to a 
higher and metastable energy state from which photons can cause them to fall, releasing a photon with the 
same phase and wavelength as the initial photon in the process and thus amplifying the signal (Willner, 
1997, 33-34). This process is called stimulated emission. However, if not stimulated by a photon, excited 
erbium ions have only several micro- to milliseconds to live before decaying. This natural decay emits a 
photon with a random phase that adds noise to the system. Again, cascaded amplifiers greatly increase 
this effect. 

4.1.3. OSNR Differences 

We have achieved an equalized system when all of our channels have the same OSNR. We strive toward 
this goal, but it is hindered strongly by the two effects listed above. Because both contribute to channels at 
the receiver end of a link with unequal OSNRs, these effects must be countered. 

4.2. Solutions 

Tilt control, peak power control, grid amplification, and transmitter power adjustment can be used 
together to minimize many negative amplifier effects. 

4.2.1. Tilt Control 

Tilt control is an amplifier setting that helps to minimize the effects of EDFA non-uniform gain. 
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4.2.2. Peak Power Control 

By putting the amplifiers in peak power mode and giving them a peak power goal, the amplifiers will 
attempt to ramp up their entire gain envelope to set the peak channel’s power to that of the goal. If the 
total output hits an upper limit (also software-provisionable) before the peak power goal is reached, gain 
increases are stopped. This technique allows maximum amplification, while making sure a particular 
signal power (and thus OSNR) does not become too large in relation to the other signals – which would 
degrade them – and limits the extent of nonlinear effects experience by the channel. 

4.2.3. Grid Amplification 

In effect, we amplify each group of wavelengths independently of the other groups, which allows us 
additional control over amplification strategies such as the peak power setting. For example, in the MOR 
Plus system, we amplify the blue band in one direction and the red band in the other. 

4.2.4. Equalization through Transmitter Power Adjustment 

OSNR values can be adjusted by changing the link input (transmitter output) powers. A popular iterative 
approach to equalization involves repetitive calculation of average OSNR at the receiver site and 
adjusting all of the transmitters in steps toward this average. Slowly the OSNRs converge. Another 
method of transmitter adjustment involves gathering channel power information from each amplifier 
along the link. The following equation (Chraplyvy 1993, 428) indicates the output power of the ith 
transmitter should be set to an n span link: 
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where (S/N)i is the OSNR of the ith channel. This equation allows us to perform transmitter adjustments 
remotely without any manual measurements. In large systems, this option is very attractive. 

5. A MOR Plus with OADM System 

5.1. System Diagram 

Figure 3 shows a link that was setup in the lab to test the effects of mid-span OADM equipment. 
 
The symbols S1...S6 represent six 100 km spans over E-LEAF fiber. NX represents a blue Pre-(MSA) 
amplifier and a red Post-(MSA) amplifier, and PX represents a red Pre-(MSA) amplifier and a blue Post-
(MSA) amplifier. MLs are optical attenuators. 
 



10 

 

 
Figure 3: OADM System Diagram2 

 
A typical one-wavelength (per direction) OADM site is shown in Figure 4. The above OADM site would 
look similar if expanded. 

 
 

Figure 4: A Typical OADM Site 

                                                      
2 Figure from “Level3 MOR+ OADM Equalization Test Plan,” 2000, courtesy of Nortel Networks. 
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5.2. OADM Explained 

The purpose of OADM is to route (re-direct) signals not just from node to node, but also in between 
nodes at the optical level. This routing saves time and effort because the signal does not need to be 
converted back into electricity, broken down, examined, re-built, routed, and converted back into light. 
 
Figure 5 shows three typical applications of OADM equipment.  
 
 

 
 

Figure 5: OADM Applications 

6. OADM Performance Considerations 

6.1. OADM Effects on Performance 

OADM systems must be designed with concern for the physical and amplifier non-idealities discussed 
above. One of these considerations involves amplifier-induced noise. 
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6.1.1. Non-Equal Amplifier Noise 

The channels being added have not necessarily passed through the same number of amplifiers as those 
channels from the west-to-east or east-to-west DWDM terminal sites, known as express channels. This 
discrepancy is a problem because, as noted in Section 4.1.2, amplifiers introduce noise onto the channels. 
If all channels pass through the same number of amplifiers, the amount of noise they have accumulated is 
constant, resulting in a roughly horizontal noise floor, neglecting the effects of tilt. Added channels may 
contain significantly different amounts of noise, yielding largely varying OSNRs, which put the system 
out of equalization. 

6.2. OADM Performance Solutions 

The problem with amplifier-induced noise encountered in OADM systems can be compensated by 
adjusting the added signal power. 

6.2.1. Adjust Add Channel Power 

A large signal OSNR existing on an added channel can be reduced by attenuating the signal at the time it 
is added to bring it into an acceptable range. Ideally, the signal power should be appropriately set at its 
transmitter site. When installing an OADM site in a link, this strategy must be kept in mind. 

7. Conclusion 
Optical networks are growing; they are becoming faster, larger, and more reliable. DWDM technology is 
a prime player in increasing network bandwidth. Increasing bandwidths and speeds, however, create an 
increased number of complications that must be taken into account in the design of optical network 
equipment and systems. Some performance-degrading effects to be aware of include linear chromatic 
dispersion, four wave mixing, self- and cross-phase modulation, stimulated scattering, and mid-span 
optical amplifier properties such as non-uniform signal amplification and the introduction of noise. To 
counter these effects, we can tailor systems with a combination of dispersion compensation modules, fiber 
type, wavelength allocation plans, peak signal power control within the amplifiers, and transmitter launch 
power adjustment. OADM systems, in particular, must account for the effects of amplifier-induced noise, 
which can be corrected through the dampening of signal power on the added channels. 
 
As further advances are made in the field of optical networks, the effects discussed in this report will 
become increasingly significant. Fortunately, a strong base of knowledge and many effective counter 
techniques already exist to serve as guides to future solutions. 
 
I thank Mike Moyer and Sik Heng Foo for their support in the writing of this report and for readily 
providing helpful technical assistance throughout the work term. 

Whitmore/Stevenson
The "Conclusion" section in the example report is basically a summary of the report. Note, however, that Eric also chose to include his acknowledgments in the final sentence.
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