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8.1

8

Historical Perspective

The use of light for communication purposes dates back to antiquity if we interpret
optical communication in a broad sense, implying any communication scheme
that makes use of light. Most civilizations have used mirrors, ﬁre beacons, or
smoke signals to convey a single piece of information (such as victory in a war).
For example, it is claimed that the Greeks constructed in 1084 B.C. a 500-km-long
line of ﬁre beacons to convey the news of the fall of Troy [1]. The chief limitation
of such a scheme is that the information content is inherently limited and should
be agreed upon in advance. Attempts were made throughout history to increase
the amount of transmitted information. For example, the North American Indians
changed the color of a smoke signal for this purpose. Similarly, shutters were used
inside lighthouses to turn the beacon signal on and off at predetermined intervals.
This idea is not too far from our modern schemes in which information is coded
on the light emitted by a laser by modulating it at a high speed [2].
In spite of such clever schemes, the distance as well as the rate at which
information could be transmitted using semaphore devices was quite limited
even during the eighteenth century. A major advance occurred in 1792 when
Claude Chappe came up with the idea of transmitting mechanically coded
messages over long distances through the use of intermediate relay stations (10–
15 km apart) that acted as repeaters in the modern-day language [3]. . Figure 8.1
shows the inventor and his basic idea schematically. Chappe called his invention
optical telegraph and developed a coding scheme shown in . Fig. 8.1 to represent
the entire alphabet through different positions of two needles. This allowed
transmission of whole sentences over long distances. The ﬁrst such optical telegraph was put in service in July 1794 between Paris and Lille (two French cities
about 200 km apart). By 1830, the network had expanded throughout
Europe [4]. The role of light in such systems was simply to make the coded signals
visible so that they could be intercepted by the relay stations. The opto-mechanical

. Fig. 8.1 Claude Chappe, his coding scheme, and the mechanical device used for making optical telegraphs (licensed under Public Domain via
Wikimedia Commons)
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communication systems of the nineteenth century were naturally slow. In
modern-day terminology, the effective bit rate of such systems was less than
1 bit/s; a bit is the smallest unit of information in a binary system.
The advent of the electrical telegraph in the 1830s replaced the use of light by
electricity and began the era of electrical communications [5]. The bit rate B could
be increased to a few bits/s by using new coding techniques such as the Morse
code. The use of intermediate relay stations allowed communication over long
distances. Indeed, the ﬁrst successful transatlantic telegraph cable went into
operation in 1866. Telegraphy employed a digital scheme through two electrical
pulses of different durations (dots and dashes of the Morse code). The invention of
the telephone in 1876 brought a major change inasmuch as electric signals were
transmitted in an analog form through a continuously varying electric current [6]. Analog electrical techniques dominated communication systems until
the switch to optical schemes 100 years later.
The development of a worldwide telephone network during the twentieth
century led to many advances in electrical communication systems. The use of
coaxial cables in place of twisted wires increased system capacity considerably. The
ﬁrst coaxial-cable link, put into service in 1940, was a 3-MHz system capable of
transmitting 300 voice channels (or a single television channel). The bandwidth of
such systems was limited by cable losses, which increase rapidly for frequencies
beyond 10 MHz. This limitation led to the development of microwave communication systems that employed electromagnetic waves at frequencies in the range of
1–10 GHz. The ﬁrst microwave system operating at the carrier frequency of
4 GHz was put into service in 1948. Both the coaxial and microwave systems
can operate at bit rates  100 Mbit/s. The most advanced coaxial system was put
into service in 1975 and operated at a bit rate of 274 Mbit/s. A severe drawback of
high-speed coaxial systems was their small repeater spacing ( 1 km), requiring
excessive regeneration of signals and making such systems expensive to operate.
Microwave communication systems generally allowed for a larger repeater spacing
but their bit rate was also limited to near 100 Mbit/s.
All of the preceding schemes are now classiﬁed under the general heading of
telecommunication systems. A telecommunication system transmits information
from one place to another, whether separated by a few kilometers or by transoceanic distances. It may but does not need to involve optics. The optical telegraph of
Claude Chappe can be called the ﬁrst optical telecommunication system that
spread throughout Europe over a 40-year period from 1800 to 1840. However, it
was soon eclipsed by electrical telecommunication systems based on telegraph and
telephone lines. By 1950, scientists were again looking toward optics to provide
solutions for enhancing the capacity of telecommunication systems. However,
neither a coherent optical source nor a suitable transmission medium was available
during the 1950s. The invention of the laser and its demonstration in 1960 solved
the ﬁrst problem. Attention was then focused on ﬁnding ways for using laser light
for optical communication. Many ideas were advanced during the 1960s [7], the
most noteworthy being the idea of light conﬁnement using a sequence of gas
lenses [8].
Optical ﬁbers were available during the 1960s and were being used for making
gastroscope and other devices that required only a short length of the ﬁber
[9]. However, no one was serious about using them for optical communication.
The main problem was that optical ﬁbers available during the 1960s had such high
losses that only 10 % of light entering at one end emerged from the other end of a
ﬁber that was only a few meters long. Most engineers ignored them for telecommunication applications where light had to be transported over at least a
few kilometers. It was suggested in 1966 that losses of optical ﬁbers could
be reduced drastically by removing impurities from silica glass used to
make them, and that such low-losses ﬁbers might be the best choice for optical
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communication [10]. Indeed, Charles Kao was awarded one half of the 2009 noble
prize for his groundbreaking achievements concerning the transmission of light in
ﬁbers for optical communication [11]. The idea of using glass ﬁbers for optical
communication was revolutionary since ﬁbers are capable of guiding light in a
manner similar to the conﬁnement of electrons inside copper wires. As a result,
they can be used in the same fashion as electric wires are used routinely.
However, before optical ﬁbers could be used for optical communication, their
losses had to be reduced to an acceptable level. This challenge was taken by
Corning, an American company located not far from Rochester, New York
where I work. A breakthrough occurred in 1970 when three Corning scientists
published a paper indicating that they were able to reduce ﬁber losses to below
20 dB/km in the wavelength region near 630 nm [12]. Two years later, the same
Corning team produced a ﬁber with a loss of only 4 dB/km by replacing titanium
with germanium as a dopant inside the ﬁber’s silica core. Soon after, many
industrial laboratories entered the race for reducing ﬁber losses even further.
The race was won in 1979 by a Japanese group that was able to reduce the loss
of an optical ﬁber to near 0.2 dB/km in the infrared wavelength region near
1.55 μm [13]. This value was close to the fundamental limit set by the phenomenon of Rayleigh scattering. Even modern ﬁbers exhibit loss values similar to those
ﬁrst reported in 1979.
In addition to low-loss optical ﬁbers, switching from microwaves to optical
waves also required a compact and efﬁcient laser, whose output could be
modulated to impose the information that needed to be transmitted over such
ﬁbers. The best type of laser for this purpose was the semiconductor laser.
Fortunately, at about the same time Corning announced its low-loss ﬁber in
1970, GaAs semiconductor lasers, operating continuously at room temperature,
were demonstrated by two groups working in Russia [14] and at Bell Laboratories
[15]. The simultaneous availability of compact optical sources and low-loss optical
ﬁbers led to a worldwide effort for developing ﬁber-optic communication
systems [16].
The ﬁrst-generation systems were designed to operate at a bit rate of 45 Mbit/s
in the near-infrared spectral region because GaAs semiconductor lasers used for
making them emit light at wavelengths near 850 nm. Since the ﬁber loss at that
wavelength was close to 3 dB/km, optical signal needed to be regenerated every
10 km or so using the so-called repeaters. This may sound like a major limitation,
but it was better than the prevailing coaxial-cable technology that required regeneration every kilometer or so. Extensive laboratory development soon led to several
successful ﬁeld trials. AT&T sent its ﬁrst test signals on April 1, 1977 in Chicago’s
Loop district. Three weeks later, General Telephone and Electronics sent live
telephone trafﬁc at 6 Mbit/s in Long Beach, California. It was followed by the
British Post Ofﬁce that began sending live telephone trafﬁc through ﬁbers near
Martlesham Heath, UK. These trials were followed with further development, and
commercial systems began to be installed in 1980. The new era of ﬁber-optic
communication systems had ﬁnally arrived. Although not realized at that time, it
was poised to revolutionize how humans lived and interacted. This became evident
only after the advent of the Internet during the decade of the 1990s.
A commonly used ﬁgure of merit for communication systems is the bit rate–
distance product BL, where B is the bit rate and L is the repeater spacing, the
distance after which an optical signal must be regenerated to maintain its ﬁdelity
[2]. . Figure 8.2 shows how the BL product has increased by a factor of 1018
through technological advances during the last 180 years. The acronym WDM in
this ﬁgure stands for wavelength-division multiplexing, a technique used after
1992 to transmit multiple channels at different wavelengths through the same
ﬁber. Its use enhanced the capacity of ﬁber-optic communication systems so
dramatically that data transmission at 1 Tbit/s was realized by 1996. The acronym

181

Chapter 8 · Optical Communication: Its History and Recent Progress

20

10

SDM

BL [(bits/s)−km]

15

10

WDM
Optical
Fibers

10

10

Coaxial
Cables

5

10

Telephone

Microwaves

Telegraph
0

10

1840

1860

1880

1900

1920

1940

1960

1980

2000

2020

Year

. Fig. 8.2 Increase in the BL product during the period 1840–2015. The emergence of new
technologies is marked by red squares. Dashed line shows the trend as an aid for the eye. Notice
the change in slope around 1977 when optical fibers were first used for optical communications

SDM stands for space-division multiplexing, a technique used after 2010 to further
enhance the capacity of ﬁber-optic systems in response to continuing increase in
the Internet data trafﬁc (with the advent of video streaming by companies such as
YouTube and Netﬂix) and fundamental capacity limitations of single-mode ﬁbers
(see Sect. 8.5). Two features of . Fig. 8.2 are noteworthy. First, a straight line in
this ﬁgure indicates an exponential growth because of the use of logarithmic scale
for the data plotted on the y axis. Second, a sudden change in the line’s slope
around 1977 indicates that the use of optical ﬁbers accelerated the rate of exponential growth and signaled the emergence of a new optical communication era.

8.2

Basic Concepts Behind Optical Communication

Before describing the technologies used to advance the state of the art of ﬁber-optic
communication systems, it is useful to look at the block diagram of a generic
communication system in . Fig. 8.3 a. It consists of an optical transmitter and an
optical receiver connected to the two ends of a communication channel that can be
a coaxial cable (or simply air) for electric communication systems but takes the
form of an optical ﬁber for all ﬁber-optic communication systems.

8.2.1

Optical Transmitters and Receivers

The role of optical transmitters is to convert the information available in an
electrical form into an optical form, and to launch the resulting optical signal
into a communication channel. . Figure 8.3 b shows the block diagram of an
optical transmitter consisting of an optical source, a data modulator, and electronic circuitry used to derive them. Semiconductor lasers are commonly used as
optical sources, although light-emitting diodes (LEDs) may also be used for some
less-demanding applications. In both cases, the source output is in the form of an
electromagnetic wave of constant amplitude. The role of the modulator is to
impose the electrical data on this carrier wave by changing its amplitude, or
phase, or both of them. In the case of some less-demanding applications, the
current injected into a semiconductor laser itself is modulated directly, alleviating
the need of an expensive modulator.
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. Fig. 8.3 (a) A generic optical communication system. (b) Components of an optical transmitter. (c) Components of an optical receiver

The role of optical receivers is to recover the original electrical data from the
optical signal received at the output end of the communication channel. . Figure 8.3 c shows the block diagram of an optical receiver. It consists of a photodetector and a demodulator, together with the electronic circuitry used to derive
them. Semiconductor photodiodes are used as detectors because of their compact
size and low cost. The design of the demodulator depends on the modulation
scheme used at the transmitter. Many optical communication systems employ a
binary scheme referred to as intensity modulation with direct detection. Demodulation in this case is done by a decision circuit that identiﬁes incoming bits as 1 or
0, depending on the amplitude of the electric signal. All optical receivers make
some errors because of degradation of any optical signal during its transmission
and detection, shot noise being the most fundamental source of noise. The
performance of a digital lightwave system is characterized through the bit-error
rate. It is customary to deﬁne it as the average probability of identifying a bit
incorrectly. The error-correction codes are sometimes used to improve the raw
bit-error rate of an optical communication system.

8.2.2

Optical Fibers and Cables

Most people are aware from listening to radios or watching televisions that
electromagnetic waves can be transmitted through air. However, optical communication systems require electromagnetic waves whose frequencies lie in the visible
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. Fig. 8.4 Internal structure of a single-mode fiber; typical size of each part is indicated. A spool of such fiber is also shown (licensed under Public
Domain via Wikimedia Commons)

or near-infrared region. Although such waves can propagate through air over short
distances in good weather conditions, this approach is not suitable for making
optical communication networks spanning the whole world. Optical ﬁbers solve
this problem and transmit light over long distances, irrespective of weather
conditions, by conﬁning the optical wave to the vicinity of a microscopic cylindrical glass core through a phenomenon known as total internal reﬂection.
. Figure 8.4 shows the structure of an optical ﬁber designed to support a single
spatial mode by reducing its core diameter to below 10 μm. In the case of a gradedindex multimode ﬁber the core diameter is typically 50 μm. The core is made of
silica glass and is doped with germania to enhance its refractive index slightly
(by about 0.5 %) compared to the surrounding cladding that is also made of silica
glass. A buffer layer is added on top of the cladding before putting a plastic jacket.
The outer diameter of the entire structure, only a fraction of a millimeter, is so
small that the ﬁber is barely visible. Before it can be used to transmit information,
one or more optical ﬁbers are enclosed inside a cable whose diameter may vary
from 1 to 20 mm, depending on the intended application.
What happens to an optical signal transmitted through an optical ﬁber? Ideally,
it should not be modiﬁed by the ﬁber at all. In practice, it becomes weaker because
of unavoidable losses and is distorted through the phenomena such as chromatic
dispersion and the Kerr nonlinearity [2]. As discussed earlier, losses were the
limiting factor until 1970 when a ﬁber with manageable losses was ﬁrst produced [12]. Losses were reduced further during the decade of 1970s, and by
1979 they have been reduced to a level as low as 0.2 dB/km at wavelengths near
1.55 μm. . Figure 8.5 shows the wavelength dependence of power losses measured
for such a ﬁber [13]. Multiple peaks in the experimental curve are due to the
presence of residual water vapors. The dashed line, marked Rayleigh scattering,
indicates that, beside water vapors, most of the loss can be attributed to the
fundamental phenomenon of Rayleigh scattering, the same one responsible for
the blue color of our sky. Indeed, although water peaks have nearly disappeared in
modern ﬁbers, their losses have not changed much as they are still limited by
Rayleigh scattering.
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. Fig. 8.5 Wavelength dependence of power losses measured in 1979 for a low-loss silica
fiber [13]. Various lines show the contribution of different sources responsible for losses (from [2];
©2010 Wiley)

. Fig. 8.6 Digital bit stream 010110. . . coded by using (a) return-to-zero (RZ) and
(b) nonreturn-to-zero (NRZ) formats

8.2.3

Modulations Formats

The ﬁrst step in the design of any optical communication system is to decide how
the electrical binary data would be converted into an optical bit stream. As
mentioned earlier, an electro-optic modulator is used for this purpose. The
simplest technique employs optical pulses such that the presence of a pulse in
the time slot of a bit corresponds to 1, and its absence indicates a 0 bit. This is
referred to as on–off keying since the optical signal is either “off ” or “on”
depending on whether a 0 or 1 bit is being transmitted.
There are still two choices for the format of the resulting optical bit stream.
These are shown in . Fig. 8.6 and are known as the return-to-zero (RZ) and
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nonreturn-to-zero (NRZ) formats. In the RZ format, each optical pulse
representing bit 1 is shorter than the bit slot, and its amplitude returns to zero
before the bit duration is over. In the NRZ format, the optical pulse remains on
throughout the bit slot, and its amplitude does not drop to zero between two or
more successive 1 bits. As a result, temporal width of pulses varies depending on
the bit pattern, whereas it remains the same in the case of RZ format. An advantage
of the NRZ format is that the bandwidth associated with the bit stream is smaller
by about a factor of 2 simply because on–off transitions occur fewer times.
Electrical communication systems employed the NRZ format for this reason in
view of their limited bandwidth. The bandwidth of optical communication systems
is large enough that the RZ format can be used without much concern. However,
the NRZ format was employed initially. The switch to the RZ format was made
only after 1999 when it was found that its use helps in designing high-capacity
lightwave systems. By now, the RZ format is use almost exclusively for WDM
systems whose individual channels are designed to operate at bit rates exceeding
10 Gbit/s.

8.2.4

Channel Multiplexing

Before the advent of the Internet, telephones were used most often for communicating information. When an analog electric signal representing human voice is
digitized, the resulting digital signal contains 64,000 bits over each one second
duration. The bit rate of such an optical bit stream is clearly 64 kbit/s. Since ﬁberoptic communication systems are capable of transmitting at bit rates of up to
40 Gbit/s, it would be a huge waste of bandwidth if a single telephone call was sent
over an optical ﬁber. To utilize the system capacity fully, it is necessary to transmit
many voice channels simultaneously through multiplexing. This can be accomplished through time-division multiplexing (TDM) or WDM. In the case of TDM,
bits associated with different channels are interleaved in the time domain to form a
composite bit stream. For example, the bit slot is about 15 μs for a single voice
channel operating at 64 kb/s. Five such channels can be multiplexed through TDM
if the bit streams of successive channels are delayed by 3 μs. . Figure 8.7 a shows
the resulting bit stream schematically at a composite bit rate of 320 kb/s. In the
case of WDM, the channels are spaced apart in the frequency domain. Each
channel is carried by its own carrier wave. The carrier frequencies are spaced
more than the channel bandwidth so that the channel spectra do not overlap, as
seen in . Fig. 8.7 b. WDM is suitable for both analog and digital signals and is used
in broadcasting of radio and television channels. TDM is readily implemented for
digital signals and is commonly used for telecommunication networks.
The concept of TDM has been used to form digital hierarchies. In North
America and Japan, the ﬁrst level corresponds to multiplexing of 24 voice channels
with a composite bit rate of 1.544 Mb/s (hierarchy DS-1), whereas in Europe
30 voice channels are multiplexed, resulting in a composite bit rate of
2.048 Mb/s. The bit rate of the multiplexed signal is slightly larger than the simple
product of 64 kb/s with the number of channels because of extra control bits that
are added for separating channels at the receiver end. The second-level hierarchy is
obtained by multiplexing four DS-1 channels. This results in a bit rate of
6.312 Mb/s (hierarchy DS-2) for North America and 8.448 Mb/s for Europe.
This procedure is continued to obtain higher-level hierarchies.
The lack of an international standard in the telecommunication industry
during the 1980s led to the advent of a new standard, ﬁrst called the synchronous
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8
. Fig. 8.7 (a) Time-division multiplexing of five digital voice channels operating at 64 kb/s.
(b) Wavelength-division multiplexing of three analog or digital signals

. Table 8.1 SONET/SDH bit rates
SONET

SDH

OC-1

B (Mb/s)

Channels

51.84

672

OC-3

STM-1

155.52

2016

OC-12

STM-4

622.08

8064

OC-48

STM-16

2488.32

32,256

OC-192

STM-64

9953.28

129,024

OC-768

STM-256

39,813.12

516,096

optical network (SONET) and later termed the synchronous digital hierarchy
(SDH). It deﬁnes a synchronous frame structure for transmitting TDM digital
signals. The basic building block of the SONET has a bit rate of 51.84 Mbit/s. The
corresponding optical signal is referred to as OC-1, where OC stands for optical
carrier. The basic building block of the SDH has a bit rate of 155.52 Mbit/s and is
referred to as STM-1, where STM stands for a synchronous transport module. A
useful feature of the SONET and SDH is that higher levels have a bit rate that is an
exact multiple of the basic bit rate. . Table 8.1 lists the correspondence between
SONET and SDH bit rates for several levels. Commercial STM-256 (OC-768)
systems operating near 40 Gbit/s became available by 2002. One such optical
channel transmits more than half million telephone conversations over a single
optical ﬁber. If the WDM technique is employed to transmit 100 channels at
different wavelengths, one ﬁber can transport more than 50 million telephone
conversations at the same time.
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8.3

Evolution of Optical Communication
from 1975 to 2000

As mentioned earlier, initial development of ﬁber-optic communication systems
started around 1975. The enormous progress realized over the 40-year period
extending from 1975 to 2015 can be grouped into several distinct generations.
. Figure 8.8 shows the increase in the BL product over the period 1975–2000 as
quantiﬁed through various laboratory experiments [17]. The straight line
corresponds to a doubling of the BL product every year. The ﬁrst four generations
of lightwave systems are indicated in . Fig. 8.8 . In every generation, the BL
product increases initially but then begins to saturate as the technology matures.
Each new generation brings a fundamental change that helps to improve the
system performance further.

8.3.1

The First Three Generations

The ﬁrst generation of optical communication systems employed inside their
optical transmitters GaAs semiconductor lasers operating at a wavelength near
850 nm. The optical bit stream was transmitted through graded-index multimode
ﬁbers before reaching an optical receiver, where it was converted back to the
electric domain using a silicon photodetector. After several ﬁeld trials during the
period 1977–1979, such systems became available commercially in the year 1980.
They operated at a bit rate of 45 Mbit/s and allowed repeater spacings of up to
10 km. The larger repeater spacing compared with 1-km spacing of coaxial
systems was an important motivation for system designers because it decreased
the installation and maintenance costs associated with each repeater. It is important to stress that even the ﬁrst-generation systems transmitted nearly 700 telephone calls simultaneously over a single ﬁber through the use of TDM.
It was evident to system designers that the repeater spacing could be increased
considerably by operating the system in the infrared region near 1.3 μm, where
ﬁber losses were below 1 dB/km (see . Fig. 8.5 ). Furthermore, optical ﬁbers
exhibit minimum dispersion in this wavelength region. This realization led to a
worldwide effort for the development of new semiconductor lasers and detectors
based on the InP material and operating near 1.3 μm. The second generation of

. Fig. 8.8 Increase in the BL product over the period 1975–2000 through several
generations of optical communication systems. Different symbols are used for successive
generations (from [2]; ©2010 Wiley)

187

8

188

8

G.P. Agrawal

ﬁber-optic communication systems became available in the early 1980s, but their bit
rate was initially limited to 100 Mbit/s because of dispersion in multimode ﬁbers.
This limitation was overcome by the use of single-mode ﬁbers. In such ﬁbers the
core diameter is reduced to near 10 μm (see . Fig. 8.4 ) so that the ﬁber supports a
single spatial mode. A laboratory experiment in 1981 demonstrated transmission at
2 Gbit/s over 44 km of a single-mode ﬁber. The introduction of commercial systems
soon followed. By 1987, such second-generation commercial systems were operating
at bit rates of up to 1.7 Gbit/s with a repeater spacing of about 50 km.
The repeater spacing of the second-generation systems was still limited by the
ﬁber loss at their operating wavelength of 1.3 μm. As seen in . Fig. 8.5 , losses of
silica ﬁbers become the smallest at wavelengths near 1.55 μm. However, the
introduction of third-generation optical communication systems operating at
1.55 μm was considerably delayed by a relatively large dispersion of single-mode
ﬁbers in this spectral region. Conventional InGaAsP semiconductor lasers could
not be used because of pulse spreading occurring as a result of simultaneous
oscillation of multiple longitudinal modes. This dispersion problem could be
solved either by using dispersion-shifted ﬁbers designed to have minimum dispersion near 1.55 μm, or by designing lasers such that their spectrum contained a
dominant single longitudinal mode. Both approaches were followed during the
1980s. By 1985, laboratory experiments indicated the possibility of transmitting
information at bit rates of up to 4 Gbit/s over distances in excess of 100 km. Thirdgeneration optical communication systems operating at 2.5 Gbit/s became available commercially in 1990, and their bit rate was soon extended to 10 Gbit/s. The
best performance was achieved using dispersion-shifted ﬁbers in combination with
lasers oscillating in a single longitudinal mode.
A relatively large repeater spacing of the third-generation 1.55-μm systems
reduced the need of signal regeneration considerably. However, economic
pressures demanded further increase in its value of close to 100 km. It was not
immediately obvious how to proceed since losses of silica ﬁbers at 1.55 μm were
limited to near 0.2 dB/km by the fundamental process of Rayleigh scattering. One
solution was to develop more sensitive optical receivers that could work reliably at
reduced power levels. It was realized by many scientists that repeater spacing could
be increased by making use of a heterodyne-detection scheme (similar to that used
for radio- and microwaves) because its use would require less power at the optical
receiver. Such systems were referred to as coherent lightwave systems and were
under development worldwide during the 1980s. However, the deployment of such
systems was postponed with the advent of ﬁber ampliﬁers in 1989 that were
pumped optically using semiconductor lasers and were capable of boosting the
signal power by a factor of several hundreds.

8.3.2

The Fourth Generation

By 1990 the attention of system designers shifted toward using three new ideas:
(1) periodic optical ampliﬁcation for managing ﬁber losses, (2) periodic dispersion
compensation for managing ﬁber dispersion, and (3) WDM for enhancing the
system capacity. As seen in . Fig. 8.9 , the WDM technique employs multiple
lasers at slightly different wavelengths such that multiple data streams are transmitted simultaneously over the same optical ﬁber. The basic idea of WDM was not
new as this technique was already being used at the radio- and microwave
frequencies (e.g., by the television industry). However, its adoption at optical
wavelengths required the development of a large number of new devices over a
time span of a few years. For example, optical multiplexers and demultiplexers that
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. Fig. 8.9 Schematic of a WDM communication system. Multiple transmitters operating at
different wavelengths are combined using a multiplexer and all channels are sent simultaneously
over the same optical fiber. A demultiplexer at the receiving end separates individual channels
and sends them to different receivers

could combine and separate individual channels at the two ends of a ﬁber link were
critical components for the advent of the WDM systems.
The fourth generation of optical communication systems made use of optical
ampliﬁers for increasing the repeater spacing, in combination with the WDM
technique for increasing the system capacity. As seen in . Fig. 8.8 , the advent of
the WDM technique around 1992 started a revolution that resulted in doubling of
the system capacity every 8 months or so and led to lightwave systems operating at
a bit rate of 1 Tbit/s by 1996. In most WDM systems, ﬁber losses are compensated
periodically using erbium-doped ﬁber ampliﬁers spaced 60–80 km apart. Such
WDM systems operating at bit rates of up to 80 Gbit/s were available commercially by the end of 1995. The researchers worldwide were pushing the limit of
WDM technology. By 1996, three research groups reported during a post-deadline
session of the Optical Fiber Communications conference that they were able to
operate WDM systems with the total capacity of more than 1 Tbit/s. This
represented an increase in the system capacity by a factor of 400 over a period of
just 6 years!
The emphasis of most WDM systems is on transmitting as many optical
channels as possible over a single ﬁber by adding more and more lasers operating
at different wavelengths. The frequency spacing between two neighboring
channels is chosen to be as small as possible but it has to be larger than the
bandwidth of each channel. At a bit rate of 40 Gbit/s, a channel spacing of 50 GHz
is the smallest that can be used. The standard setting agency, ITU, has assigned a
set of ﬁxed frequencies for commercial WDM systems using this 50-GHz channel
spacing. All these frequencies lie in the wavelength region near 1550 nm where
ﬁber losses are the smallest. The wavelength range of 1530–1570 nm is called the C
band (C standing for conventional), and most commercial WDM systems are
designed to work in this band. However, the S and L bands lying on the short- and
long-wavelength side of the C band, respectively, are also used if necessary. This
approach led in 2001 to a 11-Tbit/s experiment in which 273 channels, each
operating at 40 Gbit/s, were transmitted over a distance of 117 km [18]. Given
that the ﬁrst-generation systems had a capacity of 45 Mbit/s in 1980, it is remarkable that the use of WDM increased the system capacity by a factor of more than
200,000 over a period of 21 years.
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8.3.3

It should be clear from . Fig. 8.8 and the preceding discussion that the adoption of
WDM during the fourth generation of optical communication systems was a
disruptive technology. Fortunately, its adoption coincided with the advent and
commercialization of the Internet around 1994. Just as the explosive growth of
websites all around the world increased the volume of data ﬂowing through the
telecommunication networks, the fourth generation of optical communication
systems making use of the WDM technology became available. Its advent allowed
telecom operators to manage the data trafﬁc by simply adding more channels to an
existing WDM system. The demand went through the roof during the 4-year span
of 1996–2000, and it led to a stock-market bubble that is now referred to as the
telecom bubble.
The formation of the telecom bubble was the result of a rapid growth after 1995
in the telecommunication business. The stocks of companies dealing with the
manufacturing and delivery of telecom services soared after 1995. As an example,
consider the company JDS–Fitel involved in selling various optical devices needed
for telecom systems. Its stock value was around $8 in June 1994, jumped to near
$20 in June 1995, and exceeded $70 in June 1996 when the stock was split by 2:1 to
bring the price near $35. The stock was split again in November 1997 when its
price doubled a second time. In early 1999 the company announced a merger with
Uniphase, another fast-growing optics company, resulting in the formation of
JDSU. During that year, the stock of JDSU was increasing so rapidly that it was
split two more times. . Figure 8.10 shows how the stock price of JDSU varied over
the 8-year period ranging from 1996 to 2004 after taking into account multiple
splits. A nearly exponential growth during the 1999 indicates the formation of the
telecom bubble during that year. A similar growth occurred in the stock price of
many other telecommunication and Internet companies.
The telecom bubble burst during the year 2000, and the stock prices of all
telecommunication companies collapsed soon after, including that of JDSU as seen
in . Fig. 8.10 . Several companies went out of business and many surviving were in
trouble ﬁnancially. Commercial WDM systems capable of operating at 1 Tbit/s
were still being sold, but their was no buyer for them. The research and development of ﬁber-optic communications systems slowed down to a crawl as everyone
waited for the revival of the telecom industry. It took nearly 5 years before the US
economy recovered, only to crash again in August 2008 owing to the formation of
another bubble, this time in the real-estate market. One can say that the decade of
2000–2009 has not been a kind one as far as the telecommunication industry is
concerned.
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. Fig. 8.10 Price of JDSU stock over a period extending from January 1996 to January 2004.
A sharp rise in price during the year 1999 is followed by a sharp decline after July 2001
(source: public domain data)
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8.4

The Fifth Generation

In spite of the two severe economical downturns, considerable progress has
occurred since 2000 in designing advanced optical communication systems, leading to the ﬁfth and sixth generations of such systems. The focus of ﬁfth-generation
systems was on making the WDM systems more efﬁcient spectrally. This was
accomplished by reviving the coherent detection scheme that was studied in the
late 1980s but abandoned soon after ﬁber-based optical ampliﬁers became available. Coherent receivers capable of detecting both the amplitude and phase of an
optical signal through a heterodyne scheme were developed soon after the year
2000. Their commercial availability near the end of the decade allowed system
designers to employ advanced modulation formats in which information is
encoded using both the amplitude and phase of an optical carrier.
The basic concept can be understood from . Fig. 8.11 , showing four modulation
formats using the so-called constellation diagram that displays the real and imaginary parts of the complex electric ﬁeld along the x and y axes, respectively. The ﬁrst
conﬁguration represents the standard binary format, called amplitude-shift keying
(ASK), in which the amplitude or intensity of the electric ﬁeld takes two values,
marked by circles and representing 0 and 1 bits of a digital signal. The second
conﬁguration is another binary format, called phase-shift keying (PSK), in which the
amplitude remains constant but phase of the electric ﬁeld takes two values, say 0 and
π, that represent the 0 and 1 bits of a digital signal. The third conﬁguration in part
(c) of . Fig. 8.11 shows the quaternary PSK (or QPSK) format in which the optical
phase takes four possible values. This case allows to reduce the signal bandwidth
since two bits can be transmitted during each time slot, and the effective bit rate is
halved. Borrowing from microwave communication terminology, the reduced bit
rate is called the symbol rate (or baud). The last example in . Fig. 8.11 shows how
the symbol concept can be extended to multilevel signaling such that each symbol
carries 4 bits or more. An additional factor of two can be gained if one transmits two
orthogonally polarized symbols simultaneously during each symbol slot, a technique
referred to as polarization division multiplexing.
The concept of spectral efﬁciency, deﬁned as the number of bits transmitted in
1 s within a 1-Hz bandwidth, is quite useful in understanding the impact of
coherent detection in combination with phase-encoded modulation formats. The
spectral efﬁciency of fourth generation WDM systems that employed ASK as the
modulation format was limited to below 0.8 bit/s/Hz since at most 40 billion bits/s
could be transmitted over a 50-GHz bandwidth of each WDM channel. This value
for the ﬁfth-generation systems can easily exceed 3 by using polarization
multiplexing in combination with the QPSK format. . Figure 8.12 shows how
the spectral efﬁciency of optical communication systems has evolved since 1990
when its value was near 0.05 bit/s/Hz. Values near 2 bit/s/Hz were realized by
2005 and they approached 10 bit/s/Hz by the year 2010 [19].
The availability of coherent receivers and increased computing speeds led to
another advance after it was realized that one can use digital signal processing to

(a) Im(A)

(c) Im(A)

(b) Im(A)

Re(A)

Re(A)

(d) Im(A)

Re(A)

. Fig. 8.11 Constellation diagrams for (a) ASK, (b) PSK, (c) QPSK, and (d) multilevel QPSK formats

Re(A)
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. Fig. 8.12 Evolution of spectral efficiency after 1990 through laboratory demonstrations. The
red star shows the fundamental capacity limit of optical fibers (after [19]; ©2012 IEEE)

improve the signal-to-noise ratio (SNR) of an optical signal arriving at the receiver.
Since a coherent receiver detects both the amplitude and the phase of an optical
signal, together with its state of polarization, one has in essence a digital representation of the electric ﬁeld associated with the optical signal. As a result, special
electronic chips can be designed to process this digital signal that can compensate
for the degradation caused by such unavoidable factors as ﬁber dispersion. One
can also implement error-correcting codes and employ encoder and decoder chips
to improve the bit-error rate at the receiver end. A new record was set in 2011
when 64-Tbit/s transmission was realized over 320 km of a single-mode ﬁber
using 640 WDM channels that spanned both the C and L bands with 12.5-GHz
channel spacing [20]. Each channel contained two polarization-multiplexed
107-Gbit/s signals coded with a modulation format known as quadrature amplitude modulation. Such techniques are routinely implemented in modern optical
communication systems.

8.5

The Sixth Generation

As the capacity of WDM systems approached 10 Tbit/s, indicating that 10 trillion
bits could be transmitted each second over a single piece of optical ﬁber supporting
a single optical mode inside its tiny core (diameter about 10 μm), scientists began
to think about the ultimate information capacity of a single-mode ﬁber. The
concept of the channel capacity C was ﬁrst introduced by Shannon in a 1948
paper [21] in which he showed that the SNR sets the fundamental limit for any
linear communication channel with a ﬁnite bandwidth W through the remarkably
simple relation C ¼ Wlog2 ð1 þ SNRÞ. The spectral efﬁciency, deﬁned as
SE ¼ C∕ W, is thus only limited by the SNR of the received signal and can, in
principle, be increased indeﬁnitely by sending more and more powerful signals
over the channel. Unfortunately, this conclusion does not hold for optical ﬁbers
that are inherently nonlinear and affect the bit stream propagating through them
in a nonlinear fashion [2].
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nonlinear effects over transmission distances ranging from 500 to 8000 km (after [22]; ©2010
IEEE)

8.5.1

Capacity Limit of Single-Mode Fibers

Considerable attention was paid during the decade of 2000 to estimating the
ultimate capacity of single-mode ﬁbers in the presence of various nonlinear effects.
In a paper published in 2010 Essiambre et al. were able to develop a general
formalism for calculating it [22]. . Figure 8.13 shows how the nonlinear effects
reduce the spectral efﬁciency from its value predicted by Shannon’s relation, when
high signal powers are launched to ensure a high SNR at the receiver. As one may
expect, the spectral efﬁciency depends on the transmission distance, and it
becomes worse as this distance increases. However, the most noteworthy feature
of . Fig. 8.13 is that, for any transmission distance, spectral efﬁciency is maximum
at an optimum value of SNR that changes with distance. For example, the spectral
efﬁciency of a 1000-km-long link is limited to 8 bit/s/Hz for single polarization,
irrespective of the modulation format employed. This is in sharp contrast to the
prediction of Shannon and reﬂects a fundamental limitation imposed by the
nonlinear effects.
We can use the results shown in . Fig. 8.13 to estimate the ultimate capacity of
a single-mode ﬁber. The usable bandwidth of silica ﬁbers in the low-loss window
centered around 1550 nm is about 100 nm. This value translates into a channel
bandwidth of 12.5 THz. Using this value and a peak spectral efﬁciency of about
16 bit/s/Hz (assuming polarization-division multiplexing), the maximum capacity
of a single-mode ﬁber is estimated to be 200 Tb/s. This is an enormous number
and was thought to be high enough until recently that system designers did not
worry about running out of capacity. However, data trafﬁc over ﬁber-optic
networks has experienced a steady growth, doubling every 18 months, since the
advent of the Internet in the early 1990s. The growth has even accelerated in recent
years owing to the new activities such as video streaming. One way to meet the
demand would be to deploy more and more ﬁber cables. However, this approach
will result in a larger and larger fraction of the total electrical power being devoted
to supporting optical transport networks. It is estimated that by 2025 the energy
demand of modern telecommunication systems will consume a very large fraction
of the total US energy budget, unless a way is found to design energy efﬁcient
optical networks.
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. Fig. 8.14 Schematic illustration of the basic idea behind the SDM technique. WDM signals
from different transmitters enter different cores or modes of a multimode fiber and are
processed at the other end by different coherent receivers; DSP stands for digital signal
processing (courtesy of S. Mumtaz)
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8.5.2

Space-Division Multiplexing

One proposed solution makes use of space-division multiplexing (SDM) to
increase the capacity of ﬁber-optic communication networks at a reduced energy
cost per transmitted bit [23–26]. The basic idea is to employ multimode ﬁbers such
that several WDM bit streams can be transmitted over different modes of the same
ﬁber. The energy advantage comes from integrating the functionalities of key
optical components into a smaller number of devices. For instance, if a single
multimode optical ampliﬁer is used to amplify all spatially multiplexed bit streams,
power consumption is likely to be lower compared to using separate ampliﬁers.
For this reason, the SDM technique is attracting increasing attention since 2010,
and several record-setting experiments have already been performed. Most of
them employ multicore ﬁbers in which several cores share the same cladding.
Each core is typically designed to support a single mode but that is not a
requirement. . Figure 8.14 shows schematically the basic idea behind SDM
using the case of a three-core ﬁber as an example.
Similar to the case of WDM technology, the implementation of SDM requires
not only new types of ﬁbers but also many other active and passive optical
components such as mode multiplexers/demultiplexers and ﬁber ampliﬁers that
can amplify signals in all modes/cores simultaneously. A lot of progress has been
made since 2010 in realizing such devices and many laboratory demonstrations
have shown the potential of SDM for enhancing the system capacity [23–26]. . Figure 8.15 shows how the capacity of optical communication systems has evolved
over a period ranging from 1980 to 2015 and covering all six generations. Singlewavelength systems, employing TDM in the electrical domain, started with a
capacity of under 100 Mbit/s in the 1980s and were operating at 10 Gb/s around
1990. The advent of WDM in the early 1990 led to a big jump in the system
capacity and subsequent adoption of coherent detection with digital signal
processing allowed the capacity to reach 64 Tbit/s by the year 2010 [20]. Further
increase in system capacity required the adoption of SDM. In a 2012 experiment,
SDM was used to demonstrate data transmission at 1000 Tbit/s (or 1 Pbit/s) by
employing a 12-core ﬁber [24]. Each ﬁber core carried 222 WDM channels, and
each wavelength transmitted a 380-Gbit/s bit stream over a 52-km-long multicore
ﬁber with a spectral efﬁciency of 7.6 bit/s/Hz.
The simplest SDM case corresponds to a multicore ﬁber whose cores are far
enough apart that they experience little coupling. In this situation, WDM signals in
each core travel independently, and the situation is analogous to using separate
ﬁbers. Indeed, most high-capacity experiments have employed this conﬁguration
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. Fig. 8.15 Increase in the capacity of optical communication systems (on a logarithmic scale)
realized from 1980 to 2015 using three different multiplexing techniques. Note the change in the
slope around 1995 and 2011 when the WDM and SDM techniques were adopted (courtesy of
R.J. Essiambre)

through multicore ﬁbers with 7, 12, or 19 cores. In a second category of
experiments single-core ﬁbers supporting a few spatial modes are employed [23]. In
this case, modes become invariably coupled, both linearly and nonlinearly, since all
channels share the same physical path. Degradations induced by linear coupling
are then removed at the receiver end through digital signal processing. In a 2015
experiment, a ﬁber supporting 15 spatial modes was used to transmit 30 polarization-multiplexed channels over 23 km [27].

8.6

Worldwide Fiber-Optic Communication Network

The advent of the Internet in the early 1990s made it necessary to develop a
worldwide network capable of connecting all computers (including cell phones) in
a transparent manner. Such a network required deployment of ﬁber-based submarine cables across all oceans. The ﬁrst such cable was installed in 1988 across the
Atlantic ocean (TAT–8) but it was designed to operate at only 280 Mbit/s using
the second-generation technology. The same technology was used for the ﬁrst
transpaciﬁc ﬁber-optic cable (TPC–3), which became operational in 1989. By 1990
the third-generation lightwave systems had been developed. The TAT–9 submarine system used this technology in 1991; it was designed to operate near 1.55 μm
at a bit rate of 560 Mb/s with a repeater spacing of about 80 km. The increasing
trafﬁc across the Atlantic Ocean led to the deployment of the TAT–10 and TAT–
11 cables by 1993 with the same technology. A submarine cable should be strong
so that it can withstand biting by large sea animals. . Figure 8.16 shows, as an
example, the internal structure of a submarine cable containing several ﬁbers for
carrying bidirectional trafﬁc. Optical ﬁbers are immersed in a water-resistant jelly
that is surrounded with many steel rods to provide strength. Steel rods are kept
inside a copper tube that itself is covered with the insulating polyethylene. As the
scale on the right side of . Fig. 8.16 shows, the outer diameter of the entire cable is
still only 1.7 cm.
After 1990, many laboratory experiments investigated whether the ampliﬁer
technology could be deployed for submarine cables such that the signal retained its
optical form all along the cable length, thus avoiding the use of expensive in-line
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. Fig. 8.16 Internal structure of a submarine cable containing several fibers: (1) insulating
polyethylene; (2) copper tubing; (3) steel rods; (4) optical fibers in water-resistant jelly. The scale
on the right shows the actual size (licensed under Public Domain via Wikimedia Commons)

. Table 8.2 High-capacity submarine fiber-optic systems
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System name

Year

Capacity
(Tb/s)

Length
(km)

WDM
channels

Fiber
pairs

VSNL transatlantic

2001

2.56

13,000

64

4

FLAG

2001

4.8

28,000

60

8

Apollo

2003

3.2

13,000

80

4

SEA-ME-WE 4

2005

1.28

18,800

64

2

Asia–America Gateway

2009

2.88

20,000

96

3

India-ME-WE

2009

3.84

13,000

96

4

African Coast to Europe

2012

5.12

13,000

128

4

West Africa Cable
System

2012

5.12

14,500

128

4

Arctic fiber

2015

8.0

18,000

50

4

regenerators. As early as 1991, an experiment employed a recirculating-loop
conﬁguration to demonstrate the possibility of data transmission in this manner
over 14,300 km at 5 Gbit/s. This experiment indicated that an all-optical, submarine transmission system was feasible for intercontinental communication. The
TAT–12 cable, installed in 1995, employed optical ampliﬁers in place of in-line
regenerators and operated at a bit rate of 5.3 Gbit/s with an ampliﬁer spacing of
about 50 km. The actual bit rate was slightly larger than the data rate of 5 Gbit/
s because of the overhead associated with the forward-error correction that was
necessary for the system to work. The design of such lightwave systems becomes
quite complex because of the cumulative effects of ﬁber dispersion and nonlinearity, which must be controlled over long distances.
The use of the WDM technique after 1996 in combination with optical
ampliﬁers, dispersion management, and error correction revolutionized the design
of submarine ﬁber-optic systems. In 1998, a submarine cable known as AC–1 was
deployed across the Atlantic Ocean with a capacity of 80 Gb/s using the WDM
technology. An identically designed system (PC–1) crossed the Paciﬁc Ocean. The
use of dense WDM, in combination with multiple ﬁber pairs per cable, resulted in
systems with large capacities. After 2000, several submarine systems with a
capacity of more than 1 Tbit/s became operational (see . Table 8.2 ). . Figure 8.17
shows the international submarine cable network of ﬁber-optic communication
systems. The VSNL transatlantic submarine system installed in 2001 had a total
capacity of 2.56 Tbit/s and spans a total distance of 13,000 km. A submarine
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Dr. Jean-Paul Rodrigue, Dept. of Global Studies & Geography, Hofstra University.

. Fig. 8.17 International submarine cable network of fiber-optic communication systems around 2015 (source: dataset encoded by Greg
Mahlknecht, 7 http://www.cablemap.info)

system, known as India-ME-WE and installed in 2009, is capable of operating
bidirectionally at 3.84 Tb/s through four ﬁber pairs. By 2012, submarine systems
with a total capacity of 5 Tbit/s for trafﬁc in each direction became operational. A
proposed system, known as Arctic Fiber, will be capable of carrying trafﬁc at
speeds of up to 8 Tbit/s by transmitting 50 channels (each operating at 40 Gb/s)
over four ﬁber pairs. It is estimated that more than 400 million kilometers of
optical ﬁber have already been deployed worldwide, a number that is close to three
times the distance to sun.

8.7

Conclusions

This chapter began with a brief history of optical communication before describing
the main components of a modern optical communication system. Speciﬁc attention was paid to the development of low-loss optical ﬁbers as they played an
essential role after 1975. I describe in detail the evolution of ﬁber-optic communication systems through its six generations over a 40-year time period ranging from
1975 to 2015. I also discuss how the adoption of WDM during the 1990s was fueled
by the advent of the Internet and how it eventually led in 2000 to bursting of the
telecom bubble in the stock markets worldwide. However, the telecommunication
industry recovered by 2005, and the researchers have come up with new
techniques during the last 10 years. Recent advances brought by digital coherent
technology and space-division multiplexing are described brieﬂy in this chapter.
. Figure 8.17 shows the international submarine cable network of ﬁber-optic
communication systems that allows the Internet to operate transparently,
interconnecting computers worldwide on demand. Such a global high-speed
network would have not been possible without the development of ﬁber-optic
communication technology during the 1980s and the adoption of the WDM
technique during the decade of the 1990s. One can only wonder what the future
holds, especially if the potential of the SDM technology is realized by the year 2020.
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Optical Networks – Basic
Concepts (Part 1)

Introduction







What is an optical network?
Optical devices and components
Basic concepts in optical networking
Optimization of optical network design
How to handle faults in optical networks?
Some recent research topics

What is an optical network?
An optical network connects computers (or any
other device which can generate or store data in
electronic form) using optical fibers.
Optical fibers are essentially very thin glass
cylinders or filaments which carry signals in the form
of light (optical signals).

A transmitter connected to a
receiver in an optical network
Electrical
to Optical
Signal

Fiber (s)

Transmitter

Optical to
Electrical
signal
Receiver

A lit-up bundle of fibers

4

Global Optical Fiber Network

5

Why do we need optical networks?

Demand for bandwidth
The tremendous growth of connected users online
More and more bandwidth-intensive network applications:
•
•
•
•

data browsing on the WWW
Applications requiring large bandwidth
video conferencing
download movie

Advantages of optical networks
 High speed capability (theoretically possible to send 50
Terabits per second using a single fiber)
 Low signal attenuation
 Low signal distortion
 Low power requirement
 Low material usage
 Small space requirements
 Low cost
 Immunity to electrical interference

Optical Devices/components
 Optical Fiber
 consists of a cylindrical core of silica, with a refractive index
µ1, surrounded by cylindrical cladding, also of silica, with a
lower refractive index µ2.

Figure 1: A fiber

An Optical Fiber

Figure 2: Structure of an Optical Fiber

9

Propagation of a signal through a fiber
 How does an optical signal move through a fiber network
 send the optical signal at an angle greater than the critical angle
sin-1 µ2 / µ1.
 Optical signals propagate through the core using a series of total internal
reflections.

Figure 3: Propagation using total internal reflectiobn

Optical fibers (Cont’d)
 data communication in an optical network
 use an optical carrier signal at some wavelength in the band of
1450 to 1650 nm,
 at the source of the data, modulate the carrier with the data to be
communicated,
 send the modulated carrier towards the destination using a path
involving one or more fibers,
 when the signal reaches the destination, extract the data from the
incoming signal using demodulation.

Wavelength Division Multiplexing
 The technology of using multiple optical signals on the same
fiber is called wavelength division multiplexing (WDM).
 WDM Optical Network
 Divide the vast transmission bandwidth available on a fiber into several
different smaller capacity “channels” – non-overlapping bandwidths,
 Each of these channels can be operated at a moderate bit rate (2.5-40
Gb/s) that electronic circuits can handle,
 Each of these channels corresponds to a different carrier wavelength.

Transmission spectrum of fibers
Usable Bandwidths

Figure 4: Transmission spectrum of optical fibers.

Channel spacing or guard band in WDM
– In WDM networks, each
signal on a fiber is given a
fixed bandwidth.
– In order to avoid interference
between signals, a fixed
spacing is maintained
between signals using
adjacent bandwidths, called
as “guard band”.
– Signal Bandwidth = 10 GHz
– Channel Spacing = 100 GHz

Figure 5: channels on a fiber
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Data Transmission in WDM networks

• Carrier Frequency:

• Digital Data

• Modulated signal
15

Figure 6: Modulated optical signal
http://epq.com.co/softw_internet/nag1/c4049.htm

What do we need to achieve WDM
Communication
Transmitter – convert data to a modulated optical signal
Receiver – Convert a modulated optical signal to data
Multiplexer – to combine multiple optical signals
Demultiplexer – to separate signals having different carrier wavelengths
Routers – to direct the signals from the source to the destination
Add- drop multiplexers – to add new signals to a fiber and extract some signals

DeMultiplexer
Multiplexer
Optical fiber

Combine
Optical
signals

Separate
Optical
signals

Figure 7: Wavelength Division Multiplexing (WDM)
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Optical Devices/components
 Multiplexer (MUX)
 has a number of inputs, each carrying signals using a distinct channel.
 generates an output that combines all the signals.

Figure 8: A 4-input Multiplexer

Optical Devices/components
 Demultiplexer (DEMUX)
 serves the opposite purpose -- its input is a fiber carrying n optical
signals, with the i th signal using channel ci.
 has at least m outputs, with the ith output carrying the optical signal using
channel ci, for all i; 1 ≤i ≤ n.

Figure 9: A 4-output Demultiplexer

Optical Devices/components
 Optical add-drop multiplexer
(OADM)
 ADM: A pair consisting of a MUX
and a DEMUX, where some of the
outputs from the DEMUX are not
connected to any of the inputs of the
MUX.
 Each output of the DEMUX, not
connected to an input of the
MUX, is connected to a receiver.
 Each input to the MUX which is
not connected to an output of
the DEMUX is connected to the
output of a
transmitter/modulator.
 Add-drop multiplexers using optical
devices are called Optical Add/drop
Multiplexers (OADM).

Figure 10: An optical add-drop
multiplexer (OADM)

Optical Devices/components
 End nodes: sources or destinations of data (typically
computers).
 Optical routers: direct each incoming optical signal to an
appropriate outgoing fiber.

Optical Devices/components

Figure 12: Use of add drop multiplexers
and demultiplexers

 End node Ex (Ey) has transmitters
(receivers) ti,…tj (ri,…rj) tuned to
wavelengths λi, …, λj.
 The data in electronic form is the input
to transmitter ti , and is converted to
optical signals using wavelength λi.
 The optical signal using λi is routed
through a number of intermediate endnodes Ep,Eq,…,Er to the destination Ey.

Optical Devices/components
 Tasks of End-Node
 receive optical signals from the
preceding node,
 separate the different optical signals on
the input fiber,
 Convert incoming signals, intended for
itself to electronic form,
 forward, without electronic processing,
other incoming signals intended for
other end-nodes,
 convert, to optical signal(s), electronic
data that have to be communicated to
other end-node(s),
 combine the optical signals send these
optical signals using the outgoing fiber
from itself.

Figure 12: Use of add drop multiplexers
and demultiplexers

Point to point communication in an Optical
Network

Figure 11: Point to point communication in an optical network

Types of WDM networks
 Categorizations of WDM Networks
 Broadcast-and-select Networks
 Wavelength-Routed Networks

Broadcast-and-select Networks






Typically a local network with a small number (NE) of end-nodes,
Each end-node equipped with one or more transmitters and receivers.
All the end-nodes are connected to a passive star coupler.
Capable of supporting both unicast and multicast communication
May be either a single-hop or a multi-hop network.

Figure 15: A broadcast-and-select network

Broadcast-and-select Networks
 Unicast communication:
• the source end node selects an appropriate wavelength λp and broadcasts
the data to all end nodes using the wavelength λp.
• Receiver at destination tuned to λp ; receivers at all other end nodes are
tuned to wavelengths different from λp.
• Data is detected and processed only at the destination node.

 A broadcast-and-select network is simple and easy to implement
but the size of the network is limited due to the requirement that
the signal has to be broadcast to all end nodes.

Wavelength-Routed Networks
 the wavelength of the optical signal and the fiber it is
using determine the subsequent path used by the signal.
 Since each optical signal is sent along a specified path
and not broadcast to all nodes in the network, the
power requirement of such a network is lower than that
of a broadcast-and-select network.

Physical Topology of a wavelength routed network

A circle represents an end node.
A rectangle represents a router
node.
 directed line represents a fiber.
A
These fibers are unidirectional
and the arrow on the line gives
the direction in which optical
signals can flow.
Figure 16: The physical topology of a
typical WDM network

Lightpath
 an optical connection
from one end node to
another.
 starts from an end node,
traverses a number of
fibers and router nodes,
and ends in another end
node.
 used to carry data in the
form of encoded optical
signals.

λ1

2

λ1

λ1

1

3
λ2

λ2

4

Lightpath
Figure 17: Lightpaths in an optical network

Logical Topology (Virtual Topology)
 view the lightpaths as edges of a directed graph GL where the
nodes of GL are the end nodes of the physical topology.
 the edges of such a graph GL are called logical edges.
 A directed path through a logical topology is called a logical path.

Lightpath and Logical Topology

E1

L5

E1
R1

L1

L5

E4

L3

L3

R4

R2

L2

Lightpath L1

R3

L2
E2

E3

Lightpath L2

L1

E3

L4

E2
Fiber

L4

E4

Lightpath L3
Lightpath L4
Lightpath L5

Figure 18: Some lightpaths on the physical
topology shown in figure 10.

Figure 19: The logical topology GL
corresponding to the lightpaths
shown in Figure 18.

Wavelength Routed Networks
 In summary, wavelength
routed WDM networks
 Route signals selectively based
on wavelength
 Routing is done in the optical
domain
 Lightpath – a basic
communication mechanism

1

4

2

3
Optical router
End node

λ1
λ2

Figure 20: lightpaths on a network

Wavelength Clash Constraint
• No two lightpaths may
use the same
wavelength, if they share
any fiber link.

6

3

0

4
1

5

2

L1(λ1) : 0  3  4  5  7
L2(λ2) : 2  4  5  6
Figure 21: wavelength clash
must be avoided
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Wavelength Continuity Constraint
 A lightpath from a source Ex to a destination Ey, on all fibers in
its path Ex Ri  Rj  …  Rk  Ey, uses the same channel
ci. no other signal on the fibers Ex Ri , Ri  Rj ,…, Rk  Ey is
allowed to use the channel ci. (See previous slide)
 The carrier wavelength of a lightpath does not change from
fiber to fiber.
 When considering a route for a lightpath, some channel ci , 1 ≤ i
≤ nch must be available on every fiber on the route.
 See previous slides for an example

Design objectives of wavelength routed WDM
networks
• Minimize the capital and operational costs.
• Maximize the network
– throughput.
– scalability.
– survivability.
– quality of service (QoS)

RWA in Wavelength Routed Networks
 Routing and wavelength assignment (RWA)
 Each lightpath must be assigned a route over the physical
network, and a specific channel on each fiber it traverses.

1
1
λ1

2

λ2
2

4

4

λ2
λ1
3

3

end-node

End node

lightpath

Figure 22

Optical router

λ1
λ2

Static Lightpath Allocation in Wavelength Routed Networks

• Set up lightpaths on a semi-permanent basis.
• The lightpaths will continue to exist for a relatively long
period of time (weeks or months) once set-up.
• When the communication pattern changes sufficiently, the
existing lightpaths will be taken down and new lightpaths
will be set up to handle the changes in traffic.

Connection Requests (static allocation)
Static Requests:
Source 
Destination
16

1

2

36
14

3

5

4

15
Notes:
 For 1 → 6 there are many routes ( e.g., 1 → 3 →
4 →6, 1 → 2 → 4 → 6)
 On each fiber we have many channels
 Wavelength continuity constraint and wavelength clash
constraint must be satisfied
 Problem known to be NP-complete

6
Figure 23:
Physical topology
of an optical
network
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Dynamic Lightpath Allocation
• Lightpaths are set up on demand.
• When a communication is over, the corresponding lightpath
is taken down.

Connection Requests (Dynamic Requests)
Existing Lightpaths
Source 
Destination

Start
Time

Duration

Event
Type

16

10

30

Setup

36

25

75

Setup

16

40

-

Tear down

14

60

25

Setup

36

100

-

Tear down

1

3

2

5

4
6

Random arrival time and random duration
Tear down time = Start time + Duration

40

Figure 24:
Dynamic RWA

WDM Network design

 Traffic matrix T = [t(i,j)] represents the traffic
requirements. The entry t(i,j) in row i and column j of
traffic matrix T denotes the amount of traffic from end
node Ei to Ej, i ≠ j.

A Traffic Matrix
– Specify the data communication requests between a node-pair.
– Often expressed in OC-n notation.
• OC-n = n X 51.8 Mbps
Nodes
S
o
u
r
c
e

1

Destination
2
3 … j …

n

1

OC-3 OC-6 OC-12 OC-24

2
:
i

tij

.

:
n

T = (tsd)
42

WDM Network design

 Some popular units for specifying data
communication:
 megabits/second (Mbps),
 gigabits/second (Gbps),
 the signal rate, using the Optical Carrier level notation
(OC-n), where the base rate (OC-1) is 51.84 Mbps and
OC-n means n x 51.84 Mbps.
 As a fraction of lightpath capacity

Types of scenarios
 Single-hop vs. Multi-hop networks
 In a single-hop network, all communication
uses a path length of one logical edge.
 Direct lightpath from source to destination

 also called all-optical networks,
• communication always in optical
domain.
• No opto-electronic conversion in the
intermediate node
 Example: 0  1, 12, 2  0, 2  3.
Figure 25: The logical
topology of an alloptical network

Multi-hop networks
 In a multi-hop network, some data
communication involves more
than one lightpath.
 Uses a sequence of lightpaths
 Hop through intermediate nodes
 Opto-electronic conversions
needed

 Example: 012, 120
needs multi-hop
Figure 26: Communication from 0 to
2 (or 1 to 0) requires multi-hop

Multihop WDM Network design
 The constraints in designing a multi-hop wavelength-routed
network using static lightpath allocation:
 The physical topology of the network.
 The optical hardware available at each end node which
determines how many lightpaths may originate from or end at
that end node.
 The characteristics of the fibers, which, for example, determine
how many lightpaths may be allowed in a single fiber.
 the amount of data that may be carried by a single lightpath,
 The traffic requirements between each pair of end nodes.

Optimal solution for static RWA
Static RWA
 Given:
 A physical fibre topology
 Number of wavelengths (channels)
available on each fibre.
 A set of lightpaths to be established over
the physical topology. A lightpath is
specified by the source and destination
node corresponding to the start and end
of the lightpath.
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42
31
43

2
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3
4
λ1

2

 Goal:
 Find a route over the physical topology,
for each lightpath.
 Find a single wavelength to be used for
each lightpath on all its hops.
 Minimize the total number of hops,
considering all lightpaths.

1

λ1

λ1

3

λ2
λ2

4

Figure 27: static RWA illustrated

ILP for Multi-hop network design
Integer Variables
•
= 1, if and only if the lth lightpath
uses physical link e(ij).
• wk,l = 1, if and only if the lth lightpath
is assigned channel k.

Continuous Variables
•
= 1, if and only if the lth
lightpath is assigned channel k
on physical link e.

λ1

2

λ1

λ1

1

3
λ2

λ2

4

Figure 28
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ILP for Multi-hop network design
Min
∑l i→∑j∈Exij
Subject to:
l

∑

l
x
∑ ji =

xijl −

j∋i→j∈E

j∋ j→i∈E

1, if i = s
− 1, if i = d
0, otherwise

{

∀i ∈ N , ∀l ∈ L
λ1

λ1

1

K max

∑w

k ,l

=1

λ1

2

∀l

3
λ2

k =1

xijl + wk ,l − δ ijk ,l ≤ 1, ∀i → j ∈ E , ∀l ∈ L, ∀k ∈ K
l
ij

x ≥δ

k ,l
ij

, ∀i → j ∈ E , ∀l ∈ L, ∀k ∈ K

wk ,l ≥ δ ijk ,l , ∀i → j ∈ E , ∀l ∈ L, ∀k ∈ K
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BEC701 - FIBRE OPTIC COMMUNICATION

UNIT-I
INTRODUCTION TO OPTICAL FIBER
•
•
•
•
•
•
•
•
•
•

Evolution of fiber Optic system
Element of an Optical Fiber Transmission link
Ray Optics
Optical Fiber Modes and Configurations
Mode theory of Circular Wave guides
Overview of Modes
Key Modal concepts
Linearly Polarized Modes
Single Mode Fibers
Graded Index fiber structure

Introduction
• An optical Fiber is a thin, flexible, transparent Fiber
that acts as a waveguide, or "light pipe", to transmit
light between the two ends of the Fiber.
• Optical fibers are widely used in Fiber-optic
communications, which permits transmission over
longer distances and at higher bandwidths (data rates)
than other forms of communication.
• Fibers are used instead of metal wires because signals
travel along them with less loss and are also immune
to electromagnetic interference.

Evolution of fiber Optic system
First generation
• The first generation of light wave systems uses GaAs
semiconductor laser and operating region was near
0.8 μm. Other specifications of this generation are as
under:
• i) Bit rate : 45 Mb/s
• ii) Repeater spacing : 10 km

Second generation
i) Bit rate: 100 Mb/s to 1.7 Gb/s ii) Repeater
spacing: 50 km
iii) Operation wavelength: 1.3 μm iv)
Semiconductor: In GaAsP
Third generation
i) Bit rate : 10 Gb/s
ii) Repeater spacing: 100 km
iii) Operating wavelength: 1.55 μm

Evolution of fiber Optic system
Fourth generation
• Fourth generation uses WDM technique. i) Bit rate:
10 Tb/s
• ii) Repeater spacing: > 10,000 km
• Iii) Operating wavelength: 1.45 to 1.62 μm
Fifth generation
• Fifth generation uses Roman amplification technique
and optical solitiors. i) Bit rate: 40 - 160 Gb/s
• ii) Repeater spacing: 24000 km - 35000 km iii)
Operating wavelength: 1.53 to 1.57 μm

Element of an Optical Fiber Transmission link
Basic block diagram of optical fiber communication
system consists of following important blocks.
1. Transmitter
2. Information channel
3. Receiver.

Block diagram of OFC system

• The light beam pulses are then fed into a fiber – optic
cable where they are transmitted over long distances.
• At the receiving end, a light sensitive device known
as a photocell or light detector is used to detect the
light pulses.
• This photocell or photo detector converts the light
pulses into an electrical signal.
• The electrical pulses are amplified and reshaped back
into digital form.

Fiber optic Cable
Fiber Optic Cable consists of four parts.
• Core
• Cladding
• Buffer
• Jacket
Core. The core of a fiber cable is a cylinder of plastic
that runs all along the fiber cable’s length, and offers
protection by cladding. The diameter of the core
depends on the application used. Due to internal
reflection, the light travelling within the core reflects
from the core, the cladding boundary. The core cross
section needs to be a circular one for most of the
applications.

Cladding
Cladding is an outer optical material that
protects the core. The main function of the cladding is
that it reflects the light back into the core. When light
enters through the core (dense material) into the
cladding(less dense material), it changes its angle, and
then reflects back to the core.

Fiber optic Cable
Buffer
• The main function of the
buffer is to protect the
fiber from damage and
thousands of optical fibers
arranged in hundreds of
optical cables. These
bundles are protected by
the cable’s outer covering
that is called jacket.

JACKET
Fiber optic cable’s jackets are available in different
colors that can easily make us recognize the exact
color of the cable we are dealing with. The color
yellow clearly signifies a single mode cable, and
orange color indicates multimode.

• Both the light sources at the sending end and the light
detectors on the receiving end must be capable of
operating at the same data rate.
• The circuitry that drives the light source and the
circuitry that amplifies and processes the detected
light must both have suitable high-frequency
response.
• The fiber itself must not distort the high-speed light
pulses used in the data transmission.
• They are fed to a decoder, such as a Digital – to –
Analog converter (D/A), where the original voice or
video is recovered.

• In very long transmission systems, repeater units
must be used along the way.
• Since the light is greatly attenuated when it travels
over long distances, at some point it may be too weak
to be received reliably.
• To overcome this problem, special relay stations are
used to pick up light beam, convert it back into
electrical pulses that are amplified and then
retransmit the pulses on another beam.
• Several stages of repeaters may be needed over very
long distances.
• But despite the attenuation problem, the loss is less
than the loss that occurs with the electric cables.

Characteristics of fiber
1)Wider bandwidth: The optical carrier frequency is in
the range 10^13 Hz to 10^15Hz.
2)Low transmission loss: The fibers having a
transmission loss of 0.002dB/km.
3)Dielectric waveguide: Optical fibers are made from
silica which is an electrical insulator. Therefore they do
not pickup any electromagnetic wave or any high
current lightning.

4)Signal security: The transmitted signal through
the fibers does not radiate. Further the signal cannot
be tapped from a Fiber in an easy manner.
5)Small size and weight: Fiber optic cables are
developed with small radii, and they are flexible,
compact and lightweight. The fiber cables can be
bent or twisted without damage.

Operation of fiber
• A hair-thin Fiber consist of two concentric layers of
high-purity silica glass the core and the cladding,
which are enclosed by a protective sheath .
• Core and cladding have different refractive indices,
with the core having a refractive index, n1, which is
slightly higher than that of the cladding, n2.
• It is this difference in refractive indices that enables
the Fiber to guide the light. Because of this guiding
property, the Fiber is also referred to as an “optical
waveguide.”

Advatages of optical fiber
1)WAVELENGTH :It is a characteristic of light that is
emitted from the light source and is measures in
nanometres (nm).
2)FREQUENCY :It is number of pulse per second
emitted from a light source. Frequency is measured in
units of hertz (Hz). In terms of optical pulse 1Hz = 1
pulse/ sec.

3)WINDOWS :A narrow window is defined as the range
of wavelengths at which a fibre best operates.
4)ATTENUATION: Attenuation in optical fiber is
caused by intrinsic factors, primarily scattering and
absorption, and by extrinsic factors, including stress from
the manufacturing process, the environment, and physical
bending.
5)DISPERSION :Dispersion is the spreading of light
pulse as its travels down the length of an optical fibre .
Dispersion limits the bandwidth or information carrying
capacity of a fibre.

Disadvantages of optical fiber
• High investment cost
• Need for more expensive optical transmitters and
receivers
• More difficult and expensive to splice than wires
• Price
• Fragility
• Affected by chemicals
• Opaqueness
• Requires special skills

Ray Optics
Basic laws of ray theory/geometric optics
• The basic laws of ray theory are quite selfexplanatory
• In a homogeneous medium, light rays are straight
lines.Light may be absorbed or reflected.
• Reflected ray lies in the plane of incidence and angle
of incidence will be equal to the angle of reflection.
• At the boundary between two media of different
refractive indices, the refracted ray will lie in the
plane of incidence. Snell’s Law will give the
relationship between the angles of incidence and
refraction.

Ray Optics
Refraction of light

• As a light ray passes from
one transparent medium to
another, it changes direction;
this phenomenon is called
refraction of light. How much
that light ray changes its
direction depends on the
refractive index of the
mediums.

Ray Optics
Refractive Index

• Refractive index is the speed of light in a vacuum
(abbreviated c, c=299,792.458km/second) divided by
the speed of light in a material (abbreviated v).
Refractive index measures how much a material
refracts light. Refractive index of a material,
abbreviated as n, is defined as
• n=c/v

Ray Optics
Snells Law
• When light passes from one
transparent material to another, it
bends according to Snell's law which
is defined as:
n1sin(θ1) = n2sin(θ2)
where:
n1 is the refractive index of the
medium the light is leaving

θ1 is the incident angle between the light beam and
the normal (normal is 90° to the interface between
two materials)
n2 is the refractive index of the material the light is
entering
θ2 is the refractive angle between the light ray and
the normal

Ray Optics
Critical angle
• The critical angle can be calculated from Snell's law,
putting in an angle of 90° for the angle of the refracted
ray θ2. This gives θ1:
Since
θ2 = 90°
So
sin(θ2) = 1
Then
θc = θ1 = arcsin(n2/n1)

Numerical Aperture (NA) For step-index
multimode fiber, the acceptance angle is determined
only by the indices of refraction:
Where
n is the refractive index of the medium light is
traveling before entering the fiber
nf is the refractive index of the fiber core
nc is the refractive index of the cladding

Ray Optics
Total internal reflection

• If the light hits the interface at
any angle larger than this critical
angle, it will not pass through to
the second medium at all.
Instead, all of it will be reflected
back into the first medium, a
process known as total internal
reflection.

Fiber Optic Modes
Mode is the one which describes the nature of
propagation of electromagnetic waves in a wave
guide.
i.e. it is the allowed direction whose associated angles
satisfy the conditions for total internal reflection and
constructive interference.
Based on the number of modes that propagates through
the optical fiber, they are classified as:
•
Single mode fibers
•
Multi mode fibers

Single mode fibers
• In a fiber, if only one mode is transmitted through it,
then it is said to be a single mode fiber.
• A typical single mode fiber may have a core radius of
3 μm and a numerical aperture of 0.1 at a wavelength
of 0.8 μm.
• The condition for the single mode operation is given
by the V number of the fiber which is defined as
such that V ≤ 2.405.
• Here, n1 = refractive index of the core; a = radius of
the core; λ = wavelength of the light propagating
through the fiber; Δ = relative refractive indices
difference.

Single mode fibers

Single mode fibers
•
•
•
•
•
•
•

Only one path is available.
V-number is less than 2.405
Core diameter is small
No dispersion
Higher band width (1000 MHz)
Used for long haul communication
Fabrication is difficult and costly

Multimode fibers

Multi mode fibers

• If more than one mode is transmitted through optical
fiber, then it is said to be a multimode fiber.
• The larger core radii of multimode fibers make it
easier to launch optical power into the fiber and
facilitate the end to end connection of similar powers.
Some of the basic properties of multimode optical
fibers are listed below :
• More than one path is available
• V-number is greater than 2.405

Types of fibers based on Refractive Index Profile
Based on the refractive index profile of the core and
cladding, the optical fibers are classified into two
types:
– Step index fiber
– Graded index fiber

Step index fiber
• In a step index fiber, the refractive index changes in a
step fashion, from the centre of the fiber, the core, to
the outer shell, the cladding.
• It is high in the core and lower in the cladding. The
light in the fiber propagates by bouncing back and
forth from core-cladding interface.
• The step index fibers propagate both single and
multimode signals within the fiber core.
• The light rays propagating through it are in the form
of meridinal rays which will cross the fiber core axis
during every reflection at the core – cladding
boundary and are propagating in a zig – zag manner.

Step index fiber
• With careful choice of material, dimensions and ,
the total dispersion can be made extremely small, less
than 0.1 ps /(km  nm), making this fiber suitable for
use with high data rates.
• In a single-mode fiber, a part of the light propagates
in the cladding.
• The cladding is thick and has low loss.
• Typically, for a core diameter of 10 m, the cladding
diameter is about 120 m.
• Handling and manufacturing of single mode step
index fiber is more difficult.

Step index multimode fibers
•A multimode step index fiber is shown.
• In such fibers light propagates in many
modes.
•The total number of modes MN increases
with increase in the numerical aperture.
•For a larger number of modes, MN can be
approximated by

Step index multimode fibers

where d = diameter of the core of the fiber and V = V –
number or normalized frequency.
The normalized frequency V is a relation among the fiber
size, the refractive indices and the wavelength. V is the
normalized frequency or simply the V number and is given
by
where a is the fiber core radius,  is the operating
wavelength, n1 the core refractive index and  the relative
refractive index difference

Graded index fiber
• A graded index fiber is shown in Fig.3.27. Here, the
refractive index n in the core varies as we move away
from the centre.
• The refractive index of the core is made to vary in the
form of parabolic manner such that the maximum
refractive index is present at the centre of the core.
• The refractive index (n) profile with reference to the
radial distance (r) from the fiber axis is given as:

Graded index fiber
when r = 0, n(r) = n1
r < a, n(r) =


 r 
n 1 1   2   

a 



r ≥ a, n(r) = n2 =

2






1
2

1
)2

n1 (1  2

At the fiber centre we have n1; at the cladding we
have n2; and in between we have n(r), where n is
the function of the particular radius as shown in
Fig. simulates the change in n in a stepwise
manner.

Graded index fiber

Graded index fiber
• Each dashed circle represents a different refractive
index, decreasing as we move away from the fiber
center.
• A ray incident on these boundaries between na – nb,
nb – nc etc., is refracted.
• Eventually at n2 the ray is turned around and totally
reflected.
• This continuous refraction yields the ray tracings as
shown in Fig.

Graded index fiber
• The light rays will be propagated in the form skew
rays (or) helical rays which will not cross the fiber
axis at any time and are propagating around the fiber
axis in a helical or spiral manner.
• The effective acceptance angle of the graded-index
fiber is somewhat less than that of an equivalent stepindex fiber. This makes coupling fiber to the light
source more difficult.

UNIT-II
SIGNAL DEGRADATION IN OPTICAL FIBER
• Attenuation – Absorption losses, Scattering losses,
Bending Losses, Core and Cladding losses,
• Signal Distortion in Optical Wave guides –
Information Capacity determination – Group Delay –
• Material Dispersion, Wave guide Dispersion,
• Signal distortion in SM fibers – Polarization Mode
dispersion, Intermodal dispersion,
• Pulse Broadening in GI fibers
• Mode Coupling – Design Optimization of SM fibers
– RI profile and cut-off wavelength.

Signal Attenuation & Distortion in Optical Fibers
• What are the loss or signal attenuation mechanism in
a fiber?
• Why & to what degree do optical signals get distorted
as they propagate down a fiber?
• Signal attenuation (fiber loss) largely determines the
maximum repeaterless separation between optical
transmitter & receiver.
• Signal distortion cause that optical pulses to broaden
as they travel along a fiber, the overlap between
neighboring pulses, creating errors in the receiver
output, resulting in the limitation of informationcarrying capacity of a fiber.

Attenuation (fiber loss)
•

Power loss along a fiber:

Z= l

Z=0
P(0) mW

P (l )  P ( 0 ) e

P( z)  P(0)e
•

 p z

 p l

mw

[3-1]

The parameter  p is called fiber attenuation coefficient in a units of for
example [1/km] or [nepers/km]. A more common unit is [dB/km] that is
defined by:

 P (0) 
10
 [ dB/km ] 
log 
 4 .343  p [1 / km ]

l
 P (l ) 
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Fiber loss in dB/km

z=0

Z=l
P (0)[dBm]

P(l )[dBm]  P(0)[dBm]  [dB/km]  l[km]
• Where [dBm] or dB milliwat is 10log(P [mW]).
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Optical fiber attenuation vs. wavelength

Absorption
• Absorption is caused by three different mechanisms:
1- Impurities in fiber material: from transition metal
ions (must be in order of ppb) & particularly from
OH ions with absorption peaks at wavelengths 2700
nm, 400 nm, 950 nm & 725nm.
2- Intrinsic absorption (fundamental lower limit):
electronic absorption band (UV region) & atomic
bond vibration band (IR region) in basic SiO2.
3- Radiation defects

Scattering Loss
• Small (compared to wavelength) variation in material
density, chemical composition, and structural
inhomogeneity scatter light in other directions and
absorb energy from guided optical wave.
• The essential mechanism is the Rayleigh scattering.
Since the black body radiation classically is
proportional to   4 (this is true for wavelength
typically greater than 5 micrometer), the attenuation
coefficient due to Rayleigh scattering is
approximately proportional to   4 .

This seems to me not precise, where the
attenuation of fibers at 1.3 & 1.55 micrometer
can be exactly predicted with Planck’s formula &
can not be described with Rayleigh-Jeans law.
Therefore I believe that the more accurate
formula for scattering loss is
 scat  

5


hc
 exp(
k BT



)


1

h  6.626  10 34 Js, k B  1.3806  10 23 JK -1 , T : Temperature

Absorption & scattering losses in fibers

Typical spectral absorption & scattering attenuations for
a single mode-fiber

Bending Loss (Macrobending & Microbending)
• Macrobending Loss: The curvature of the bend
is much larger than fiber diameter. Lightwave
suffers sever loss due to radiation of the
evanescent field in the cladding region. As the
radius of the curvature decreases, the loss
increases exponentially until it reaches at a
certain critical radius. For any radius a bit
smaller than this point, the losses suddenly
becomes extremely large. Higher order modes
radiate away faster than lower order modes.

Microbending Loss
Microbending Loss:
microscopic bends of
the fiber axis that can
arise when the fibers are
incorporated into
cables. The power is
dissipated through the
microbended fiber,
because of the repetitive
coupling of energy
between guided modes
& the leaky or radiation
modes in the fiber.

Dispersion in Optical Fibers
• Dispersion: Any phenomenon in which the velocity
of propagation of any electromagnetic wave is
wavelength dependent.
• In communication, dispersion is used to describe any
process by which any electromagnetic signal
propagating in a physical medium is degraded
because the various wave characteristics (i.e.,
frequencies) of the signal have different propagation
velocities within the physical medium.

There are 3 dispersion types in the optical fibers,
in general:
1- Material Dispersion
2- Waveguide Dispersion
3- Polarization-Mode
Dispersion
Material & waveguide dispersions are main
causes of Intramodal Dispersion.

Group Velocity
• Wave Velocities:
• 1- Plane wave velocity: For a plane wave
n1
propagating along z-axis in an unbounded
homogeneous region of refractive index
, which
is represented by exp( jωt  jk1 z ) , the velocity of
constant phase plane is:
 c
v

vp
•

ω



2- Modal

k1



n1

[3-4]
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wave phase velocity: For a modal wave
propagating along z-axis represented by exp( jωt  jk1 z )
, the velocity of constant phase plane is:

3- For transmission system operation the most
important & useful type of velocity is the group
velocity, V g . This is the actual velocity which the
signal information & energy is traveling down the
fiber. It is always less than the speed of light in the
medium. The observable delay experiences by the
optical signal waveform & energy, when traveling a
length of l along the fiber is commonly referred to as
group delay.

Group Velocity & Group Delay
• The group velocity is given by:
dω
Vg 
d

• The group delay is given by:
l
d
g   l
Vg
dω
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• It is important to note that all above quantities depend
both on frequency & the propagation mode. In
order to see the effect of these parameters on group
velocity and delay, the following analysis would be
helpful.

Input/Output signals in Fiber Transmission System
• The optical signal (complex) waveform at the input of
fiber of length l is f(t). The propagation constant of a
particular modal wave carrying the signal is (ω) . Let
us find the output signal waveform g(t).
z-=0

 is the optical signal bandwidth.

Z=l

 c  

f (t ) 

~
f ( ) e j t d 
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Intramodal Dispersion
• As we have seen from Input/output signal
relationship in optical fiber, the output is proportional
to the delayed version of the input signal, and the
delay is inversely proportional to the group velocity
of the wave. Since the propagation constant,  ω , is
frequency dependent over band width (ω) sitting at
the center frequency ωc , at each frequency, we have
one propagation constant resulting in a specific delay
time.

As the output signal is collectively represented by
group velocity & group delay this phenomenon is
called intramodal dispersion or Group Velocity
Dispersion (GVD). This phenomenon arises due
to a finite bandwidth of the optical source,
dependency of refractive index on the wavelength
and the modal dependency of the group velocity.
In the case of optical pulse propagation down the
fiber, GVD causes pulse broadening, leading to
Inter Symbol Interference (ISI).

Dispersion & ISI
A measure of information
capacity of an optical fiber for
digital transmission is usually
specified by the bandwidth
distance product in GHz.km.
For multi-mode step index
fiber this quantity is about 20
MHz.km, for graded index
fiber is about 2.5 GHz.km &
for single mode fibers are
higher than 10 GHz.km.
BW  L

How to characterize dispersion?
• Group delay per unit length can be defined as:


d
1 d
 2 d


 
L
dω
c dk
2 c d 
g
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• If the spectral width of the optical source is not too
wide, then the delay difference per unit wavelength 
along the propagation path is approximately For
spectral components which are  apart, symmetrical
around center wavelength, the total delay difference
d g
over a distance L is:
d

•

d 2
2 
d 2

is called GVD parameter, and shows how
much a light pulse broadens as it travels along an
optical fiber. The more common parameter is called
Dispersion, and can be defined as the delay difference
per unit length per unit wavelength as follows:
1 d g
d
D 

L d
d

 1

V
 g


   2 c  2
2
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• In the case of optical pulse, if the spectral width of
the optical source is characterized by its rms value of
the Gaussian pulse  g , the pulse spreading over
the length of L,   can be well approximated by:
d g
g 
   DL 
[3-18]
d

Material Dispersion

Material Dispersion
•
•

The refractive index of the material varies as a function of wavelength, n( )
Material-induced dispersion for a plane wave propagation in homogeneous
medium of refractive index n:

 mat

d
2 d
2
d  2

L

L

L
n
(

)

dω
2c d
2c d  



•

L
dn 
n
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The pulse spread due to material dispersion is therefore:

d mat
L  d 2 n
g 
 
 2  L  Dmat ( )
d
c
d
Dmat ( ) is material dispersion
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Material Dispersion Diagrams

Waveguide Dispersion
• Waveguide dispersion is due to the dependency of the
group velocity of the fundamental mode as well as
other modes on the V number, (see Fig 2-18 of the
textbook). In order to calculate waveguide dispersion,
we consider that n is not dependent on wavelength.
Defining the normalized propagation constant b as:
2

 2 / k 2  n2
 / k  n2
b

2
2
n1  n2
n1  n2
•
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solving for propagation constant:

  n2 k (1  b)
•

2

2
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Using V number: V  ka(n1  n2 )1/ 2  kan2 2

[3-23]

Waveguide Dispersion
• Delay time due to waveguide dispersion can then be
expressed as: L 
d (Vb) 
[3-24]
 wg  n2  n2 
c
dV 

Waveguide dispersion in single mode fibers
• For single mode fibers, waveguide dispersion is in the
same order of material dispersion. The pulse spread
can be well
approximated as:
2
d
 wg

n2 L  d (Vb)

   L  Dwg ( ) 
V
d
c
dV 2
wg

Dwg ( )

[3-25]

Polarization Mode dispersion

Polarization Mode dispersion
• The effects of fiber-birefringence on the polarization
states of an optical are another source of pulse
broadening. Polarization mode dispersion (PMD) is
due to slightly different velocity for each polarization
mode because of the lack of perfectly symmetric &
anisotropicity of the fiber. If the group velocities of
two orthogonal polarization modes are vgx and vgy
then the differential time delay  pol between these
two polarization over a distance L is   L  L

 pol  DPMD L

pol

[3-27]

v gx

v gy

• The rms value of the differential group delay can be
approximated as:

[3-26]

Chromatic & Total Dispersion
• Chromatic dispersion includes the material &
waveguide dispersions.
Dch ( )  Dmat  Dwg

[3-28]

 ch  Dch ( ) L 
• Total dispersion is the sum of chromatic , polarization
dispersion and other dispersion types and the total
rms pulse spreading can be approximately written as:

Dtotal  Dch  D pol  ...

 total  Dtotal L 

[3-29]

Total Dispersion, zero Dispersion

Fact 1) Minimum distortion at wavelength about 1300 nm for single mode silica fiber.
Fact 2) Minimum attenuation is at 1550 nm for sinlge mode silica fiber.
Strategy: shifting the zero-dispersion to longer wavelength for minimum attenuation and dispersion.

Optimum single mode fiber & distortion/attenuation
characteristics
Fact 1) Minimum distortion at wavelength about 1300
nm for single mode silica fiber.
Fact 2) Minimum attenuation is at 1550 nm for sinlge
mode silica fiber.
Strategy: shifting the zero-dispersion to longer
wavelength for minimum attenuation and dispersion
by Modifying waveguide dispersion by changing
from a simple step-index core profile to more
complicated profiles.

There are four major categories to do that:
1- 1300 nm optimized single mode step-fibers:
matched cladding (mode diameter 9.6 micrometer) and
depressed-cladding (mode diameter about 9
micrometer)
2- Dispersion shifted fibers.
3- Dispersion-flattened fibers.
4- Large-effective area (LEA) fibers (less non
linearities for fiber optical amplifier applications,
effective cross section areas are typically greater than
100 m ).
2

Single mode fiber dispersion

Single mode fiber dispersion

Single mode Cut-off wavelength & Dispersion
• Fundamental mode is HE11
2 a


• with V=2.405 and c V
• Dispersion:
d
D ( ) 

or LP01
2

n1  n 2

2

 Dmat ( )  Dwg ( )

d
  D( ) L 

[3-30]
[3-31]
[3-32]

• For non-dispersion-shifted fibers (1270 nm – 1340 nm)
• For dispersion shifted fibers (1500 nm- 1600 nm)

Dispersion for non-dispersion-shifted fibers
(1270 nm – 1340 nm)
2

S0
0 2
 ( )   0  ( 
)
8

•

[3-33]

 0 is relative delay minimum at the zero-dispersion

wavelength 0 , and S 0 is the value of the
dispersion slope in ps/(nm 2 .km) .
dD
S 0  S (0 ) 
d    0

S 0
D ( ) 
4

0 4 

1  (  ) 
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Dispersion for dispersion shifted fibers(1500 nm- 1600 nm)
S0
 ( )   0  (  0 ) 2
2

D ( )  (  0 ) S 0
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Example of dispersion
Performance curve for
Set of SM-fiber

Example of BW vs wavelength for various optical sources for
SM-fiber.

MFD

Bending Loss

Bending effects on loss vs MFD

Bend loss versus bend radius
a  3.6m; b  60m
n n
  3.56  103 ; 3 2  0.07
n2

Unit-III
FIBER OPTICAL SOURCES
• Direct and indirect Band gap materials
• LED structures – Light source materials – Quantum
efficiency and LED power, Modulation of a LED
• Laser Diodes – Modes and Threshold condition –
Rate equations – External Quantum efficiency –
Resonant frequencies – Laser Diodes structures and
radiation patterns
• Single Mode lasers – Modulation of Laser Diodes,
Temperature effects, Introduction to Quantum laser,
Fiber amplifiers

Direct and indirect Band gap materials

Direct and indirect Band gap materials
• The band gap represents the minimum energy
difference between the top of the valence band and
the bottom of the conduction band.
• However, the top of the valence band and the bottom
of the conduction band are not generally at the same
value of the electron momentum.

Direct and indirect Band gap materials

• In a direct band gap semiconductor, the top of the
valence band and the bottom of the conduction band
occur at the same value of momentum.
• In an indirect band gap semiconductor, the maximum
energy of the valence band occurs at a different value
of momentum to the minimum in the conduction band
energy:

A light-emitting diode (LED) is a semiconductor
device that emits incoherent light, through spontaneous
emission, when a current is passed through it. Typically
LEDs for the 850-nm region are fabricated using GaAs
and AlGaAs. LEDs for the 1300-nm and 1550-nm
regions are fabricated using InGaAsP and InP.
The basic LED types used for fiber optic
communication systems are the surface-emitting LED
(SLED), the edge-emitting LED (ELED), and the
superluminescent diode (SLD

LED performance differences help link
designers decide which device is appropriate
for the intended application. For short-distance
(0 to 3 km), low-data-rate fiber optic systems,
SLEDs and ELEDs are the preferred optical
source.
Typically, SLEDs operate efficiently for bit
rates up to 250 megabits per second (Mb/s).
Because SLEDs emit light over a wide area
(wide far-field angle), they are almost
exclusively used in multimode systems.

For medium-distance, medium-data-rate systems,
ELEDs are preferred.
ELEDs may be modulated at rates up to 400 Mb/s.
ELEDs may be used for both single mode and
multimode fiber systems. Both SLDs and ELEDs are
used in long-distance, high-data-rate systems. SLDs
are ELED-based diodes designed to operate in the
superluminescence mode. A further discussion on
superluminescence is provided later in this chapter.
SLDs may be modulated at bit rates of over 400
Mb/s.

Surface-Emitting LEDs
The surface-emitting LED (shown in figure 6-1) is also
known as the Burrus LED in honor of C. A. Burrus, its
developer. In SLEDs, the size of the primary active
region is limited to a small circular area of 20 &mu;m to
50 &mu;m in diameter. The active region is the portion
of the LED where photons are emitted. The primary
active region is below the surface of the semiconductor
substrate perpendicular to the axis of the fiber.

A well is etched into the substrate to allow direct
coupling of the emitted light to the optical fiber.
The etched well allows the optical fiber to come
into close contact with the emitting surface.
In addition, the epoxy resin that binds the optical
fiber to the SLED reduces the refractive index
mismatch, increasing coupling efficiency.

Edge-Emitting LEDs
The demand for optical sources for longer distance,
higher bandwidth systems operating at
longer wavelengthsled to the development of edgeemitting
LEDs. Figure 6-2 shows a typical ELED structure. It
shows the different layers of semiconductor material
used in the ELED. The primary active region of the
ELED is a narrow stripe, which lies below the
surface of the semiconductor substrate. The
semiconductor substrate is cut or polished so that the
stripe runs between the front and back of the device.
The polished or cut surfaces at each end of the stripe
are called facets.

In an ELED the rear facet is highly reflective and the
front facet is antireflection-coated. The rear facet reflects
the light propagating toward the rear end-face back
toward the front facet. By coating the front facet with
antireflection material, the front facet reduces optical
feedback and allows light emission. ELEDs emit light
only through the front facet. ELEDs emit light in a
narrow emission angle allowing for better source-to-fiber
coupling. They couple more power into small NA fibers
than SLEDs. ELEDs can couple enough power into
single mode fibers for some applications. ELEDs emit
power over a narrower spectral range than SLEDs.
However, ELEDs typically are more sensitive to
temperature fluctuations than SLEDs.

In an ELED the rear facet is highly reflective and the
front facet is antireflection-coated. The rear facet reflects
the light propagating toward the rear end-face back
toward the front facet. By coating the front facet with
antireflection material, the front facet reduces optical
feedback and allows light emission. ELEDs emit light
only through the front facet. ELEDs emit light in a
narrow emission angle allowing for better source-tofiber coupling. They couple more power into small NA
fibers than SLEDs. ELEDs can couple enough power
into single mode fibers for some applications. ELEDs
emit power over a narrower spectral range than SLEDs.
However, ELEDs typically are more sensitive to
temperature fluctuations than SLEDs.

Rate equations, Quantum Efficiency & Power of
LEDs
•

When there is no external carrier injection, the excess density decays
exponentially due to electron-hole recombination.

n(t )  n0 e t /
•

[4-4]

n is the excess carrier density,

n0 : initial injected excess electron density

 : carrier lifetime.
•

Bulk recombination rate R:

R
•

dn n

dt 

[4-5]

Bulk recombination rate (R)=Radiative recombination rate +
nonradiative recombination rate

bulk recombination rate ( R  1/τ ) 
radiative recombination rate ( Rr  1/τ r )  nonradiative recombination rate(Rnr  1/τ nr )

With an external supplied current density of J the rate equation for the electron-hole
recombination is:

dn(t ) J n
[4-6]


dt
qd 
q : charge of the electron; d : thickness of recombination region
In equilibrium condition: dn/dt=0

J
n
qd

[4-7]

Internal Quantum Efficiency & Optical Power
Rr
 nr

int 


Rr  Rnr  r   nr  r

[4-8]

int : internal quantum efficiency in the active region
Optical power generated internally in the active region in the LED is:

I
hcI
Pint  int h  int
q
q
Pint : Internal optical power,
I : Injected current to active region

[4-9]

External Quantum Eficiency

ext 

•

# of photons emitted from LED
# of LED internally generated photons

[4-10]

In order to calculate the external quantum efficiency, we need to
consider the reflection effects at the surface of the LED. If we consider
the LED structure as a simple 2D slab waveguide, only light falling
within a cone defined by critical angle will be emitted from an LED.

c

ext

1

T ( )(2 sin  )d

4 0

4n1n2
T ( ) : Fresnel Transmission Coefficient  T (0) 
(n1  n2 ) 2
If n2  1  ext 

1
n1 (n1  1) 2

Pint
LED emitted optical powr, P  ext Pint 
n1 (n1  1) 2
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Modulation of LED
The frequency response of an LED depends on:
1- Doping level in the active region
2- Injected carrier lifetime in the recombination region, . 
i
3- Parasitic capacitance of the LED
• If the drive current of an LED is modulated at a frequency of the
output optical power of the device will vary as:
•

P( ) 
•

P0

[4-15]

1  ( i ) 2

Electrical current is directly proportional to the optical power, thus we
can define electrical bandwidth and optical bandwidth, separately.

 p() 
 I() 
Electrical BW  10log 

20
log

 I (0) 
p
(
0
)




p : electrical power, I : electrical current
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The laser diode light contains only a single
frequency. Therefore, it can be focused by even a
simple lens system to an extremely small point.
There is no chromatic aberration since only one
wavelength exists, also all of the energy from the
light source is concentrated into a very small spot of
light. LASER is an acronym for Light Amplification
by the Stimulated Emission of Radiation.

Laser Diode Construction
The above figure shows a simplified construction
of a laser diode, which is similar to a light emitting
diode (LED). It uses gallium arsenide doped with
elements such as selenium, aluminium, or silicon
to produce P type and N type semiconductor
materials. While a laser diode has an additional
active layer of undoped (intrinsic) gallium arsenide
have the thickness only a few nanometers,
sandwiched between the P and N layers,
effectively creating a PIN diode (P type-IntrinsicN type). It is in this layer that the laser light is
produced.

How Laser Diode Work?
Every atom according to the quantum theory, can
energies only within a certain discrete energy level.
Normally, the atoms are in the lowest energy state
or ground state. When an energy source given to the
atoms in the ground state can be excited to go to
one of the higher levels. This process is called
absorption. After staying at that level for a very
short duration, the atom returns to its initial ground
state, emitting a photon in the process, This process
is called spontaneous emission. These two
processes, absorption and spontaneous emission,
take place in a conventional light source.

Amplification and Population Inversion
When favourable conditions are created for the
stimulated emission, more and more atoms are
forced to emit photons thereby initiating a chain
reaction and releasing an enormous amount of
energy. This results in a rapid build up of energy of
emitting one particular wavelength
(monochromatic light), travelling coherently in a
particular, fixed direction. This process is called
amplification by stimulated emission.

The number of atoms in any level at a given time is
called the population of that level. Normally, when
the material is not excited externally, the population
of the lower level or ground state is greater than that
of the upper level. When the population of the upper
level exceeds that of the lower level, which is a
reversal of the normal occupancy, the process is
called population inversion.

Main laser diode types
Some of the main types of laser diode include the
following types:
Double heterostructure laser diode : The double
heterojunction laser diode is made up by sandwiching a
layer of a low bandgap material with a layer on either
side of high bandgap layers. This makes the two
heterojunctions as the materials themselves are
different and not just the same material with different
types of doping. Common materials for the double
heterojunction laser diode are Gallium Arsenide, GaAs,
and aluminium gallium arsenide, AlGaAs.

The advantage of the double heterojunction laser diode
over other types is that the holes and electrons are
confined to the thin middle layer which acts as the
active region. By containing the electrons and holes
within this area more effectively, more electron-hole
pairs are available for the laser optical amplification
process. Additionally the change in material at the
heterojunction helps contain the light within the active
region providing additional benefit.

Quantum well laser diode: The quantum well laser
diode uses a very thin middle layer - this acts as a
quantum well where the vertical component of the
electron wave function is quantised. As the quantum
well has an abrupt edge, this concentrates electrons in
energy states that contribute to laser action, and this
increases the efficiency of the system.
In addition to the single quantum well laser diodes,
multiple quantum well laser diodes also exist. The
presence of multiple quantum wells improves the
overlap between the gain region and the optical
waveguide mode.

Unit-IV
FIBER OPTICAL RECEIVERS
• PIN and APD diodes
• Photo detector noise, SNR, Detector Response time
• Avalanche multiplication Noise – Comparison of
Photo detectors
• Fundamental Receiver Operation – pre-amplifiers
• Error Sources – Receiver Configuration – Probability
of Error – The Quantum Limit

PIN Photodetector

w

The high electric field present in the depletion region causes
photo-generated carriers to separate and be collected across
the reverse –biased junction. This give rise to a current
Flow in an external circuit, known as photocurrent.

Energy-Band diagram for a pin photodiode

Photocurrent
• Optical power absorbed, P(x) in the depletion region
can be written in terms of incident optical power, P :

P( x)  P0 (1  e

 s (  ) x

0

)

[6-1]

• Absorption coefficient s () strongly depends on
wavelength. The upper wavelength cutoff for any
semiconductor can be determined by its energy gap as
follows:
1 . 24
c (m ) 

[6-2]

E g (eV)

• Taking entrance face reflectivity into consideration,
the absorbed power in the width of depletion region,
w, becomes: (1 Rf )P(w)  P0 (1 e ()w )(1 Rf )
s

Optical Absorption Coefficient

Responsivity
• The primary photocurrent resulting from absorption
is:
q
[6-3]
I p  P0 (1 e ()w )(1 R f )
h
s

• Quantum Efficiency:
# of electron - hole photogener ated pairs
# of incident photons
IP / q

P0 / h 
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• Responsivity:
IP
q
 

P0
h

[A/W]
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Responsivity vs. wavelength

Avalanche Photodiode (APD)

Optical radiation
Reach-Through APD structure (RAPD) showing the electric fields in
depletion region and multiplication region.

APDs internally multiply the primary photocurrent
before it enters to following circuitry.
In order to carrier multiplication take place, the
photogenerated carriers must traverse along a high
field region. In this region, photogenerated electrons
and holes gain enough energy to ionize bound
electrons in VB upon colliding with them. This
multiplication is known as impact ionization. The
newly created carriers in the presence of high electric
field result in more ionization called avalanche effect.

Responsivity of APD
• The multiplication factor (current gain) M for all
carriers generated in the photodiode is defined as:
IM
M 
Ip

[6-6]

• Where I M is the average value of the total
multiplied output current & I P is the primary
q
photocurrent.
 APD 

h

M  0M

[6-7]

• The responsivity of APD can be calculated by
considering the current gain as:

Current gain (M) vs. Voltage for different optical
wavelengths

Photodetector Noise & S/N
• Detection of weak optical signal requires that the
photodetector and its following amplification circuitry
be optimized for a desired signal-to-noise ratio.
• It is the noise current which determines the minimum
optical power level that can be detected. This minimum
detectable optical power defines the sensitivity of
photodetector. That is the optical power that generates a
photocurrent with the amplitude equal to that of the
total noise current (S/N=1)

S
signal power from photocurre nt

N photodetec tor noise power  amplifier noise power

Signal Calculation
• Consider the modulated optical power signal P(t)
falls on the photodetector with the form of:

P (t )  P0 [1  ms (t )]

[6-8]

• Where s(t) is message electrical signal and m is
modulation index. Therefore the primary
photocurrent is (for pin photodiode M=1):
i ph

q

MP ( t )  I P [ DC value ]  i p ( t )[ AC current ]
h

[6-9]

• The root mean square signal current is then:
is
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for sinusoidal

signal

[6-10]

Noise Sources in Photodetecors
• The principal noises associated with photodetectors are :
1- Quantum (Shot) noise: arises from statistical
nature of the production and collection of photogenerated electrons upon optical illumination. It has
been shown that the statistics follow a Poisson process.
2- Dark current noise: is the current that continues to
flow through the bias circuit in the absence of the light.
This is the combination of bulk dark current, which is
due to thermally generated e and h in the pn junction,
and the surface dark current, due to surface defects,
bias voltage and surface area.

In order to calculate the total noise presented in
photodetector, we should sum up the root mean
square of each noise current by assuming that
those are uncorrelated.
Total photodetector noise current=quantum noise
current +bulk dark current noise + surface current
noise

Noise calculation (1)
•

Quantum noise current (lower limit on the sensitivity):

iQ

2

2

2

  Q  2qIP BM F (M )
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•

B: Bandwidth, F(M) is the noise figure and generally is F ( M )  M

•

Bulk dark current noise:

i DB

2

Surface dark current noise:

i DS

2

0  x  1.0

2
  DB
 2qI D BM 2 F ( M )

[6-12]

Note that for pin photodiode

I D is bulk dark current
•

x

M 2 F (M )  1
IL

is the surface current.

2
  DS
 2 qI L B

[6-13]

Noise calculation (2)
•

The total rms photodetector noise current is:

iN

2

2

  N  iQ

2

 iDB

2

 iDS

2

 2q( I P  I D ) BM 2 F ( M )  2qI L B
•
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The thermal noise of amplifier connected to the photodetector is:

iT

2

 T

2

4k BTB

RL

[6-15]

RL input resistance of amplifier, and k B  1 .38  10  23 JK -1 is Boltzmann cte.

S/N Calculation
•

Having obtained the signal and total noise, the signal-to-noise-ratio can be
written as:
2

iP M 2

S

N 2q( I P  I D ) BM 2 F (M )  2qI L B  4k BTB / RL
•

[6-16]

Since the noise figure F(M) increases with M, there always exists an
optimum value of M that maximizes the S/N. For sinusoidally modulated
signal with m=1 and F ( M )  M x :

M

x2
opt

2 qI L  4 k B T / R L

xq ( I P  I D )

[6-17]

Photodetector Response Time
• The response time of a photodetector with its output
circuit depends mainly on the following three factors:
1- The
t d transit time of the photocarriers in the
depletion region. The transit time depends on the
carrier drift velocity v d and the depletion layer
width w, and is given by:
w
td 
vd

[6-18]

2- Diffusion time of photocarriers outside
depletion region.
3- RC time constant of the circuit. The
circuit after the photodetector acts like RC low
pass filter with a passband given by:
1
B
2RT C T

RT  Rs || RL and CT  Ca  Cd

[6-19]

Photodiode response to optical pulse

Typical response time of the
photodiode that is not fully depleted

Various optical responses of photodetectors:
Trade-off between quantum efficiency & response time
•

To achieve a high quantum
efficiency, the depletion layer
width must be larger than 1 /  s
(the inverse of the absorption
coefficient), so that most of the
light will be absorbed. At the
same time with large width, the
capacitance is small and RC time
constant getting smaller, leading
to faster response, but wide
width results in larger transit time
in the depletion region. Therefore
there is a trade-off between
width and QE. It is shown that
the best is:

1/s  w 2/s

Structures for InGaAs APDs
•

Separate-absorption-and multiplication (SAM) APD
light
InP substrate
InP buffer layer
INGaAs Absorption layer

InP multiplication layer
Metal contact

•

InGaAs APD superlattice structure (The multiplication region is composed
of several layers of InAlGaAs quantum wells separated by InAlAs barrier
layers.

Temperature effect on avalanche gain

Comparison of photodetectors

Receiver Functional Block Diagram

Receiver Types
+Bias

+Bias

+Bias

Is

Is

Is

Output

RL
50 

Rf

Output

Output

RL

Ct

Ct

Amplifier

Amplifier

Equalizer

Amplifier

Low Impedance

High Impedance

Transimpedance

Low Sensitivity
Easily Made
Wide Band

Requires Equalizer for high BW
High Sensitivity
Low Dynamic Range
Careful Equalizer Placement Required

High Dynamic Range
High Sensitivity
Stability Problems
Difficult to equalize

Receiver Noise Sources

Photodetector without gain

Photodetector with gain (APD)

•Photon Noise
Also called shot noise or Quantum
noise, described by poisson
statistics
•Photoelectron Noise
Randomness of photodetection
process leads to noise
•Gain Noise
eg. gain process in APDs or EDFAs is
noisy
•Receiver Circuit noise
Resistors and transistors in the the
electrical amplifier contribute to
circuit noise

Johnson noise (Gaussian and white)

Vn
Noise Power=4kTB 
R

 in2 R

Frequency

4kTB

R

Noise Power

Vrms  4kTRB

Shot noise (Gaussian and white)

rms noise current  i n 2

1/ 2

“1/f” noise

spectral density=

K
f

1/ 2

  2qIB 

V 2 /Hz

Frequency

Noise Power

i rms

2

Noise Power

Noise

1/f noise

Fc

for FETs
Frequency
4kT
K=
fc
gm
where fc is the FET corner frequency and  is the channel noise factor

Johnson (thermal) Noise
Noise in a resistor can be modeled as
due to a noiseless resistor in parallel
with a noise current source
The variance of the noise current source is given by:

s i2 = i 2 »

4kBTB
R

Where kB is Boltzman's constant
T is the Temperature in Kelvins
B is the bandwidth in Hz (not bits/sec)

Photodetection noise

The electric current in a photodetector
circuit is composed of a superposition
of the electrical pulses associated with
each photoelectron
Noise in photodetector

The variation of this current is called
shot noise

If the photoelectrons are multiplied by
a gain mechanism then variations in
the gain mechanism give rise to an
additional variation in the current
pulses. This variation provides an
additional source of noise, gain noise
Noise in APD

Circuit Noise

Signal to Noise Ratio
Signal to noise Ratio (SNR) as a
function of the average number of photo
electrons per receiver resolution time for
a photo diode receiver at two different
values of the circuit noise
Signal to noise Ratio (SNR) as a
function of the average number of
photoelectrons per receiver resolution
time for a photo diode receiver and an
APD receiver with mean gain G=100
and an excess noise factor F=2
At low photon fluxes the APD receiver
has a better SNR. At high fluxes the
photodiode receiver has lower noise

Dependence of SNR on APD Gain
Curves are
parameterized by k,
the ionization ratio
between holes and
electrons
Plotted for an average
detected photon flux
of 1000
and constant circuit
noise

Digital Transmission System (DTS)

•

The design of optical receiver is much more complicated than that of optical
transmitter because the receiver must first detect weak, distorted signals and
the n make decisions on what type of data was sent.

Error Sources in DTS


N 
h



 P (t ) dt 
0

eN
Pr ( n )  N
n!
n

N


E
h

[7-1]

[7-2]

is the average number of electron-hole pairs in photodetector,
 is the detector quantum efficiency and E is energy received in a time
interval  and h  is photon energy, where Pr (n) is the probability
that n electrons are emitted in an interval  .

InterSymbol Interference (ISI)

Pulse spreading in an optical signal, after traversing along optical fiber,
leads to ISI. Some fraction of energy remaining in appropriate time slot
is designated by  , so the rest is the fraction of energy that has spread
Into adjacent time slots.

Receiver Configuration

The binary digital pulse train incident on the photodetector can be written in the
following form:


P (t ) 

b

n

h p ( t  nT b )

[7-3]

n  

where T b is bit period, b n is an amplitude parameter of the n th message digit
and h p ( t ) is the received pulse shape which is positive for all t.

• In writing down eq. [7-3], we assume the digital
pulses with amplitude V represents bit 1 and 0
represents bit 0. Thus bn can take two values
corresponding to each binary data. By normalizing
the input pulse h p (t ) to the photodiode to have unit
area


h

p

(t ) dt  1



b• n represents the energy in the nth pulse.

The mean output current from the photodiode at time
t resulting from pulse train given in eq. [7-3] is
(neglecting the DC components arising from dark
current noise):

q
i (t ) 
MP(t )   o M  bn h p (t  nTb )
h
n  

[7-4]

Bit Error Rate (BER)
BER  Probabilit y of Error 
# of error over a certain ti me interval t

total # of pulses transmitt ed during t
Ne Ne

B  1 / Tb
Nt
Bt

[7-5]

• Probability of Error= probability that the output voltage is
less than the threshold when a 1 is sent + probability that the
output voltage is more than the threshold when a 0 has been
sent.

vth

Probability distributions for received logical 0 and 1 signal pulses.
the different widths of the two distributions are caused by various signal
distortion effects.
v

P1 (v ) 

 p ( y | 1)dy



P0 (v ) 

 p ( y | 0)dy
v

probablity that the equalizer output vol tage is less than v, if 1 transmitt ed
[7-6]

probablity that the equalizer output vol tage exceeds v , if 0 transmitt ed

Pe  q1 P1 (vth )  q 0 P0 (vth )
vth

 q1
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 p ( y | 1)dy  q  p( y | 1)dy
0



vth

• Where q 1 and q 0 are the probabilities that the transmitter
sends 0 and 1 respectively.
q 0  1  q1
q 0  q1  0 .5
• For an unbiased transmitter

Gaussian Distribution
vth

P1 (vth ) 

 p( y | 1)dy 




P0 (vth ) 

 p( y | 0)dy 

vth

mean

mean

1
2  on
1
2  off

vth

 (v  bon ) 2 
  exp 
dv
2
2 on 




 (v  boff ) 2 
  exp 
dv
2
2 off 

vth
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• If we assume that the probabilities of 0 and 1 pulses are
equally likely, then using eq [7-7] and [7-8] , BER becomes:

BER  Pe ( Q ) 


1



1
exp(  x )dx 

2
 Q/ 2
2

exp(- Q 2 /2)
Q
2
1

[7-9]

v th  b off
b on  v th
Q 

 off
 on
erf ( x ) 

2




Q 
)
1  erf (
2 
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x
2
exp(

y
)dy

0

[7-10]

Approximation of error function

Variation of BER vs Q,
according to eq [7-9].

Special Case
In special case when:

 off   on   & boff  0, bon  V
From eq [7-29], we have:

vth  V / 2

Eq [7-8] becomes:

1
Pe ( ) 
2

V


)
1  erf (
2 2 


V
is peak signal - to - rms - noise ratio.
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Study example 7-1 pp. 286 of the textbook.

Quantum Limit

• Minimum received power required for a specific
BER assuming that the photodetector has a 100%
quantum efficiency and zero dark current. For
such ideal photo-receiver,

Pe  P1 (0)  exp( N )

[7-12]

• Where N is the average number of electron-hole pairs,
when the incident optical pulse energy is E and given by
eq [7-1] with 100% quantum efficiency
.
(  1)

Unit -V
DIGITAL TRANMISSION SYSTEM
• Point-to-Point links – System considerations – Fiber
Splicing and connectors – Link Power budget – Risetime budget – Noise Effects on System Performance
– Operational Principals of WDM, Solutions

Point-to-Point Links
Key system requirements needed to analyze optical
fiber links:
1. The desired (or possible) transmission distance
2. The data rate or channel bandwidth
3. The desired bit-error rate (BER)
LED or laser

(a) Emission wavelength
(b) Spectral line width
(c) Output power
(d) Effective radiating area
(e) Emission pattern

MMF or SMF

(a) Core size
(b) Core index profile
(c) BW or dispersion
(d) Attenuation
(e) NA or MFD

pin or APD

(a) Responsivity
(b) Operating λ
(c) Speed
(d) Sensitivity

Selecting the Fiber
Bit rate and distance are the major factors
Other factors to consider: attenuation (depends on?)
and distance-bandwidth product (depends on?) cost
of the connectors, splicing etc.
Then decide
• Multimode or single mode
• Step or graded index fiber

Selecting the Optical Source
• Emission wavelength depends on acceptable
attenuation and dispersion
• Spectral line width depends on acceptable …………
dispersion (LED  wide, LASER  narrow)
• Output power in to the fiber (LED  low, LASER 
high)
• Stability, reliability and cost
• Driving circuit considerations

Selecting the detector
• Type of detector
– APD: High sensitivity but complex, high bias
voltage (40V or more) and expensive
– PIN: Simpler, thermally stable, low bias voltage
(5V or less) and less expensive
• Responsivity (that depends on the avalanche gain
& quantum efficiency)
• Operating wavelength and spectral selectivity
• Speed (capacitance) and photosensitive area
• Sensitivity (depends on noise and gain)

Typical bit rates at different wavelengths
Wavelength

LED Systems

LASER Systems.

800-900 nm
150 Mb/s.km
(Typically
Multimode Fiber)

2500 Mb/s.km

1300 nm (Lowest 1500 Mb/s.km
dispersion)

25 Gb/s.km
(InGaAsP Laser)

1550 nm (Lowest 1200 Mb/s.km
Attenuation)

Up to 500
Gb/s.km
(Best demo)

Fusion Splicing Method
Fusion splicing is a permanent connection of two or more
optical fibers by welding them together using an
electronic arc. It is the most widely used method of
splicing as it provides for the lowest loss, less
reflectance, strongest and most reliable joint between two
fibers. When adopting this method, fusion splicing
machines are often used. Generally, there are four basic
steps in fusion splicing process as illustrating in
following one by one.

Step 1: strip the fiber
The splicing process begins with the preparation
for both fibers ends to be fused. So you need to
strip all protective coating, jackets, tubes, strength
members and so on, just leaving the bare fiber
showing. It is noted that the cables should be
clean.
Step 2: cleave the fiber
A good fiber cleaver is crucial to a successful
fusion splice. The cleaver merely nicks the fiber
and then pulls or flexes it to cause a clean break
rather than cut the fiber. The cleave end-face
should be perfectly flat and perpendicular to the
axis of the fiber for a proper splice.

Step 3: fuse the fiber
When fusing the fiber, there are two important steps:
aligning and melting. Fist of all, aligning the ends of
the fiber within the fiber optic splicer. Once proper
alignment is achieved, utilizing an electrical arc to melt
the fibers to permanently welding the two fiber ends
together.
Step 4: protect the fiber
A typical fusion splice has a tensile strength between
0.5 and 1.5 lbs and it is not easy to break during normal
handling. However, it still requires protection from
excessive bending and pulling forces. By using heat
shrink tubing, silicone gel and/or mechanical crimp
protectors will keep the splice protected from outside
elements and breakage.

Mechanical Splicing Method
A mechanical splice is a junction of two or
more optical fibers that are aligned and held in
place by a self-contained assembly. A typical
example of this method is the use of
connectors to link fibers. This method is most
popular for fast, temporary restoration or for
splicing multimode fibers in a premises
installation. Like fusion splice, there are also
four basic steps in mechanical splice.

Step 1: strip the fiber
Fiber preparation here is practically the same as for
fusion splicing. Just removing the protective
coatings, jackets, tubes, strength members to show
the bare fiber. Then ensuring the cleanliness of the
fiber.
Step 2: cleave the fiber
The process is the same as the cleaving for fusion
splicing. It is necessary to obtain a cut on the fiber
which is exactly at right angles to the axis of the
fiber.

Step 3: mechanically join the fiber
In this step, heating is not used as in fusion splice.
Simply connecting the fiber ends together inside the
mechanical splice unit. The index matching gel
inside the mechanical splice apparatus will help
couple the light from one fiber end to the other.
Step 4: protect the fiber
Once fibers are spliced, they will be placed in a
splice tray which is then placed in a splice closure.
Outside plant closures without use of heat shrink
tubing will be carefully sealed to prevent moisture
damage to the splices.

Wavelength Division Multiplexing (WDM)
Why Is WDM Used?
With the exponential growth in communications,
caused mainly by the wide acceptance of the Internet,
many carriers are finding that their estimates of fiber
needs have been highly underestimated. Although most
cables included many spare fibers when installed, this
growth has used many of them and new capacity is
needed. Three methods exist for expanding capacity: 1)
installing more cables, 2) increasing system bitrate to
multiplex more signals or 3) wavelength division
multiplexing.

Design Considerations
• Link Power Budget
– There is enough power margin in the system to
meet the given BER
• Rise Time Budget
– Each element of the link is fast enough to meet
the given bit rate
These two budgets give necessary conditions
for satisfactory operation

Optical power-loss model

PT  Ps  PR  mlc  nlsp   f L  System Margin
PT : Total loss; Ps : Source power; PR : Rx sensitivity
m connectors; n splices

Power Budget Example
Specify a 20-Mb/s data rate and a BER = 10–9.
With a Si pin photodiode at 850 nm, the required receiver input signal is –42 dBm.
Select a GaAlAs LED that couples 50 mW into a 50-μm core diameter fiber flylead.
Assume a 1-dB loss occurs at each cable interface and a 6-dB system margin.
The possible transmission distance L = 6 km can be found from
PT = PS – PR = 29 dB = 2lc + αL + system margin = 2(1 dB) + αL + 6 dB
• The link power budget can be represented graphically (see the right-hand figure).
•
•
•
•
•

Rise-Time Budget (1)
• A rise-time budget analysis determines the dispersion
limitation of an optical fiber link.
• The total rise time tsys is the root sum square of the
rise times from each contributor ti to the pulse risetime degradation:
– The transmitter rise time ttx
– The group-velocity dispersion (GVD) rise time
tGVD of the fiber

The modal dispersion rise time tmod of the
fiber
The receiver rise time trx

Here Be and B0 are given in MHz, so all
times are in ns.

Solitons

