
1 Introduction

1.1 Broadband service trend

Internet traffic has been expanding exponentially with the rapid growth in cloud com-
puting data, smart phone voice and videoconferencing, and streaming contents of IP
TV, video sharing applications such as YouTube, and 3D TV, as shown in Fig. 1.1 [1].
In 2012 global IP traffic was expected to exceed 40 exa-bytes per month, of which
consumer IP traffic is the largest portion. The growth in Internet traffic is driving large
carriers to prepare to provide enough bandwidth to meet market demand. According to
the forecast [2], the compound annual growth rate (CAGR) of Internet traffic is 32% in
six years in the period 2010–2015. On the other hand, the profits of telecommunication
carriers are staying constant or even decreasing as the profitable old telephone service is
being switched to the voice over IP (VoIP) service. Therefore, there is strong motivation
for the carriers and service providers to reduce their capital expenditure (CAPEX) by
fully exploiting the capacity of their existing installed optical fiber cables without the
costly deployment of new cables.

The number of broadband subscribers is increasing rapidly all over the world, exceed-
ing 600 million in 2010. The broadband services are provided either by a wired infras-
tructure such as Fiber-to-the-Home (FTTH), digital subscriber line (DSL), and cable
modem (CATV) or fixed wireless access (FWA). In particular, the increase in FTTx
subscribers has been remarkable in recent years. The line bit rate ranges from a few tens
of kb/s to Gb/s, and even higher, and the broadband service includes so-called “triple
play” of data communication, voice over IP (VoIP), and video or TV broadcasting. As
the broadband service penetrates deep into residential areas in developing countries in
Asia, Eastern Europe, and South America, the traffic volume will continue growing
exponentially, and this has a tremendous impact on the backbone network.

From Fig. 1.2 one can see that the number of broadband subscribers in Japan has
increased rapidly to 30 million at the end of 2010, with almost two thirds of fixed
telephone subscribers having switched to the broadband service [3]. The broadband
subscribers are broken up into 14.4 million FTTH, 11.6 million DSL, and 4.1 million
CATV. It is interesting to observe that the DSL penetrated faster than FTTH in the earlier
stage, but later the number of DSL subscribers decreased while the number of FTTH
subscribers was picking up slowly, with the crossover occurring at the end of 2008. The
monthly charges of the broadband service in Japan are plotted as a function of the bit
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2 Introduction

Figure 1.1 Global Internet traffic growth in the world [2]. C© Reprinted by permission of
Cisco.

Figure 1.2 Number of subscribers of the broadband service in Japan [3]. C© Reprinted by
permission of the Ministry of Internal Affairs and Communications.
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1.1 Broadband service trend 3

Figure 1.3 Monthly charge versus bandwidth of the broadband service in Japan [4], by courtesy
of T. Sakano.

Figure 1.4 Broadband subscribers in the world for 2006–2009 [5]. C© POINT topic by permission.

rate in Fig. 1.3 [4]. The charge has been decreasing rapidly to below 1 USD/Mbps as the
bit rate has increased higher than 100 Mb/s.

By contrast, this trend is not the case in developing countries. As a consequence, the
overall number of DSL subscribers in the world is still dominant over the number of
FTTH subscribers, as seen in Fig. 1.4 [5]. In the top ten countries in 2010, China has
the largest number of subscribers, 127 billion, followed by 857 million in the USA and
Japan, 261 million in Germany, and 209 million in France, UK, Russia, South Korea,
Brazil, and Italy.
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4 Introduction

1.2 Historical perspective of optical fiber communications

Without the two inventions of the laser and the optical fiber, the optical fiber commu-
nications technology would not exist today. These two inventions were awarded with
Nobel Prizes in Physics.

The Nobel Prize in Physics 1964 was divided, one half awarded to Charles Hard
Townes, the other half jointly to Nicolay Gennadiyevich Basov and Aleksandr
Mikhailovich Prokhorov. The citation reads “for fundamental work in the field of
quantum electronics, which has led to the construction of oscillators and amplifiers
based on the maser-laser principle.”

The Nobel Prize in Physics 2009 was divided, one half awarded to Charles Kuen Kao.
The citation reads “for groundbreaking achievements concerning the transmission
of light in fibers for optical communication.”

Looking back at the history of glass, shown in Fig. 1.5 [6], the glass made by the ancient
Egyptians in 1 BC was sufficiently transparent in the region of visible wavelengths. In
1966 Dr. Kao, the 2009 Nobel Prize laureate for Physics, first proposed the concept of
cladded glass fibers as a “new form of communication medium” and in his seminal paper
he predicted that the fiber loss could be reduced to as low as 20 dB/km [7]. Today’s
float glass used for window glass has typically a loss of a few dB/mm. The past forty
years have witnessed a significant reduction in loss of silica-based optical fibers and the
transition of the transmission window into the near infrared, as shown in Fig. 1.6 [8].
Since a record loss of 17 dB/km for silica fiber reported in 1970, it has taken only fifteen
years for the attenuation to be reduced to 0.2 dB/km [9].

1.3 Optical transmission systems

There are two basic multiplexing and demultiplexing techniques, time division mul-
tiplexing (TDM) and wavelength division multiplexing (WDM). Multiplexing allows
a number of channels to be established in an optical fiber, and it is motivated by the
economical reason that the installation of new optical fiber cables is costly, and there
is a need to exploit fully the potential transmission capacity of existing fibers. Figure
1.7 shows schematically current mainstream techniques, TDM and WDM, along with
optical division multiplexing (OCDM). TB denotes the one-bit time duration. In TDM
a time slot is divided into the channel count, N slots, and one data-bit pulse is squeezed
into the time duration TB/N . Since WDM uses wavelengths as the channels, the time
duration of the slot is maintained at TB . In OCDM a channel is assigned with a unique
temporal waveform. OCDM is a multiplexing and demultiplexing technique, and it will
be discriminated from optical code division multiple access (OCDMA). More details of
OCDMA will be described in Section 1.5.

TDM and WDM are compared in Fig. 1.8. In TDM, shown in Fig. 1.8(a), three
time slots are multiplexed in the time TB using a switch at the transmitter, and after
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Figure 1.5 Historical loss reduction of glass versus year [6]. C© Reprinted by permission of IEEE.

electrical-to-optical (EO) conversion the multiplexed optical signal is transmitted in an
optical fiber. At the receiver the TDM signal is demultiplexed into a separate channel
using a switch after optical-to-electrical (OE) conversion. Obviously, strict time syn-
chronization between the transmitter and receiver is required, and the electrical switch
has to operate at a speed of TB /3, three times faster than the one-bit time duration. As
the electrical switch is used for multiplexing and demultiplexing, this type of TDM is
sometimes referred to as ETDM, in order to distinguish it from optical TDM (OTDM).
Multiplexing and demultiplexing of OTDM are performed using a high-speed optical
device. In WDM, shown in Fig. 1.8(b), data from three channels after EO conversion into
different wavelengths are multiplexed using a wavelength multiplexer at the transmitter
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6 Introduction

Figure 1.6 Silica optical fiber loss versus year [8]. C© Reprinted by permission of Ohmsha.

Figure 1.7 Multiplexing techniques: TDM and WDM, and OCDM.

and transmitted in an optical fiber. At the receiver the WDM signal is demultiplexed
using a wavelength demultiplexer into a separate channel and converted into electri-
cal signals. Multiplexing and demultiplexing of WDM are performed optically using
passive optical devices, and therefore the data rate is not restricted by the speed of the
multiplexer and demultiplexer, unlike TDM.

To cope with demands for the increase in bandwidth, optical fiber communications
technology has been continuously evolving and has gone through three generations
over three decades. The evolution of the transmission performance of optical fiber
communications, the product of total transmission capacity per fiber and the distance,

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-02616-2 - Optical Code Division Multiple Access: A Practical Perspective
Ken-Ichi Kitayama
Excerpt
More information

http://www.cambridge.org/9781107026162
http://www.cambridge.org
http://www.cambridge.org


1.3 Optical transmission systems 7

Figure 1.8 (a) Multiplexing and demultiplexing of TDM and (b) multiplexing and demultiplexing
of WDM.

is shown in Fig. 1.9 [10]. Note that the solid and white circles, respectively, denote
commercial systems in operation and experimental demonstrations in laboratories. It is
interesting to see that commercial system deployment follows five or six years behind the
laboratory experiments. A commercial optical fiber transmission system using a graded-
index multimode fiber, F-100M and F-32M, at a wavelength of around 1300 nm, was the
first system to be launched in 1981 in Japan. It was followed by deployment of the single-
mode fiber in F-400M at a wavelength of 1300 nm in 1983, and the operation wavelength
was shifted to 1550 nm in 1984, resulting in extension of the repeater span from 20 km
to 80 km. During three decades the bit rate per wavelength has increased by a factor
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8 Introduction

Figure 1.9 Evolution of optical fiber transmission technology: product of transmission capacity
and distance versus year. Updated after [10].

of 103 from 100 Mb/s to 100 Gb/s, and the product of the bit rate and the transmission
distance has increased by a factor of 106 as seen in Fig. 1.9. Some of the major laboratory
experiments have exceeded 105 Pb/s × km, which typically range between 100 Tb/s over
1000 km and 10 Tb/s over 10,000 km. On the other hand, the deployment of commercial
systems in public telecommunication networks has evolved steadily up to 40 Gb/s with
the total capacity per fiber of a few Tb/s. The commercial deployment of a digital
coherent 100 Gb/s long-haul system has been underway since early 2013.

For possible solutions to the emerging issue of capacity crunch, other multiplexing
techniques such as space division multiplexing (SDM) have been revisited. As shown
in Fig. 1.10 [11], there are two approaches. One approach is via a multicore fiber with
a number of cores embedded in cladding of the fiber [12]. A record total transmission
capacity up to 1.0 Pb/s using 11-core fiber, 380 Gb/s, 222-WDM has been reported,
but the transmission distance is limited to 53 km as shown by the triangle in Fig. 1.9
[13]. However, unprecedented challenges remain in fiber splicing, optical amplification,
crosstalk reduction between cores, and light coupling. The other approach is mode
division multiplexing (MDM) via a multimode fiber which supports more than one
waveguide mode. The modes can be exploited as independent channels, as shown in
Fig. 1.11. In practice, for long distance optical communication, mode coupling between
the independent channels is inevitable. According to information theory, however, the
coupling between the channels does not necessarily cause a loss of capacity as long as this
coupling can be described as a unitary transformation. For simplicity, compare two-mode
transmission in a fiber with single-mode transmission at the same total input power. The
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1.3 Optical transmission systems 9

Figure 1.10 Space division multiplexing (SDM): (a) multicore fiber and (b) multimode fiber [11].
C© Reprinted by permission of NTT.

Figure 1.11 Space division multiplexing (SDM) transmission system using MIMO technique
[12]. C© Reprinted by permission of IEEE.

spectral efficiency of the two-mode transmission is 2 log2(1 + 1
2 S/N ) and to some extent

gains over the efficiency log2(1 + S/N ) of the single-mode transmission. Here, S/N
denotes the signal-to-noise ratio. This concept of parallel transmission is well established
in wireless communication, where multiple-input multiple-output (MIMO) techniques
have been widely used to increase the reach and capacity of wireless links [14]. Note that
there is a difference between parallel transmission and multiple transmission. In two-
channel parallel transmission the information data are split in half, and the two signals are
transmitted separately on two channels. In multiple transmission the same information
data are duplicated and transmitted separately on two channels, and therefore no gain
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10 Introduction

Figure 1.12 Fiber fusion splice machine. C© Reprinted by courtesy of Fujikura Ltd.

in spectral efficiency is obtained. Recently, MIMO has been introduced in optical fiber
communications. An experiment has demonstrated 20 GSymbol/s quadrature-phase-
shift-keying (QPSK) signals transmission over a 6 × 6 MIMO channel over a 1200 km
differential-group delay compensated few-mode or two-mode fiber [15]. More details of
few-mode (two-mode) fibers are described in Section 3.4.

Let us review the progress in optical fiber and device technologies since the mid-1970s.
The first generation was characterized by electrical time division multiplexing (ETDM)
in the early 1980s. A single-frequency laser such as a distributed feedback (DFB) laser
diode and distributed Bragg reflector (DBR) laser diode along with a single-mode fiber
(SMF) were key enablers to realize multi-gigabit rate transmissions. Believe it or not,
it was doubtful at that time whether a single-mode fiber having only about 5 µm radius
core could be connected with low loss. Having achieved an optical fiber loss below
0.2 dB/km, a low-loss splice was regarded as a stringent requirement. This problem
was solved using a well-engineered automatic fusion splice machine and a fiber cutter.
The fusion splice machine melts the end faces of the fibers at a temperature of about
1500 °C by arc discharge between electrodes, and splices by pushing forward two
fibers. It required skilful fine manual position alignment in three directions between the
fibers. However, an automatic fusion splice machine was soon developed in which
the positioning mechanism uses a video monitor. This machine, shown in Fig. 1.12,
works automatically and allows the worker in the field plant to cut and position fibers
without any particular skill. In this way a fusion splice can be completed in 15 seconds.
The typical value of splice loss of the single-mode fiber is 0.03 dB.
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