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Preface
High-Speed Optical Communication
High-speed optical communication is very much useful part in our advanced fibre-based
telecommunication systems, data processing and networking systems. It consists of a trans‐
mitter that encodes the message signal into an optical signal, a channel/ link that carries
this optical signal to its desired destination, and a receiver that reproduces the original
message from the received optical signal. It presents up to date results of the communica‐
tion systems, along with the explanations of their relevance, from leading researchers in
this field. The chapters of this book cover the general concepts of high-speed optical com‐
munication, devices used for optical communication, optical communication systems. In
recent years, the optical components or devices and other enhanced signal processing func‐
tions are also considered in depth for high-speed optical communications systems. The
researcher has also concentrated on optical devices such as light emitting diodes and pho‐
todetectors application in optical communication. This book is targeted at research, devel‐
opment and design engineers from the teams in manufacturing industry, academia and
trlecommunication industries.
This book presents a high level technical overview of the emerging technologies of highspeed optical communication systems. It is intended as an introduction to the field for opti‐
cal communication and professional engineers, such as higher degree research students,
research academics and design engineers. Although it is intended for professionals who al‐
ready have some technical background, it is nevertheless relevant to anyone wishing to un‐
derstand high-speed optical communication systems.
The following figure 1 illustrates a schematic diagram of a simple high-speed optical com‐
munication system. It consist of three separate parts or blocks, such as, (i) the transmitter
part contains a constant optical/ light sources as laser or light emitting diodes (LEDs) and a
modulator, (ii) the channel or link part is an optical fiber about 100-kms long that carries the
information from the transmitter to the receiver, and (iii) the receiver consists of a semicon‐
ductor photodetector that detects the received signal and a semiconductor amplifier for the
amplification of received signal from the channel/ link. The optical pulses are created using
lasers or LEDs and transmitted through the transmitter via the links/ channels and receiving
it at the receiver side. A list of bits (such as, ‘1’s and ‘0’s are as input data signal) are sent
into the transmitter in the form of data/ signal levels (high ‘1’ or low ‘0’), where they control
a modulator, which alters the power of a light beam produced by a light sources such as
lasers or LEDs. The laser or LED light sources produce a constant-power light beam, which
experiences different amount of attenuation as it passes through the modulator, depending
on the bit value is being sent. The light emerging from the modulator is a series of optical
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pulses of high ‘1’ or low ‘0’ power levels. These optical pulses travel to a long distance, such
as ~100-kms by total internal reflection inside the core of the fiber until they reach at the
other end of the fiber, where they are focused onto a light detector (as a semiconductor pho‐
todetector that detects the received signals). In general, the following Fig. 1 covers all parts/
chapters concept of this book. These are: General concepts of high-speed optical communi‐
cation, Optical devices used in optical communication, and Optical communication systems.

Figure 1. A simple schematic diagram of a high-speed optical communication system/ link, where the transmitter con‐
tains a constant-power, optical/ light source as laser or LEDs and a modulator, the channel/ link is an optical fiber
about 100-kms, and the receiver consists of a semiconductor photodetector and amplifiers.

Organisation of the Book
The authors with whom I have had the pleasure to collaborate have written chapters that
report recent developments in high-speed optical communication and networking. They
cover a number of themes, which include the basic concepts of optical communication, devi‐
ces used for high-speed optical communication, such as photodetectors and semiconductor
amplifiers, optical communication systems as described above. No book of the current
length can encompass the full scope of the subject but I am pleased at the range of topics
that we have been able to include in this book.
In this book, the chapters have been grouped as part according to the following themes:
High-speed Optical Communication: Part 1, General Concepts; Optical Communication:
Part 2, Optical Devices, such as Photodetectors and Light Emitting Diodes; Optical Commu‐
nication: and Part 3, Optical Communication Systems, such as Optical Transmission Sys‐
tems; Optical Communication. These categorisations of parts are not fully perfect because
some of the chapters are mixed or overlapped i.e., like an inter-disciplinary topic. However,
all of the chapter are within an easily identifiable subject boundary that is a positive sign of
the indicators of scientific progress in high-speed optical communication.
I acknowledge to all the authors for their contribution in the book chapters from different
organisations (Universities and industries).
I acknowledge to Professor Zhu Quan Zang, Head of the Department of Electrical and Com‐
puter Engineering, Professor Michael Cloke, Dean of School of Engineering and Science,
Curtin University Sarawak, Miri, Malaysia and Dr Yee Hong, Head of the Department of
Electrical and Computer Engineering, Professor Syed Islam, Department of Electrical and
Computer Engineering, Curtin University, Perth, Australia for their continuous support and
encouragement to complete this task. I also acknowledge to Dr Mohammad Razaghi, Uni‐
versity of Kurdistan, Iran for his continuous support, encouragement and collaboration to
complete this book.
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I am very much grateful to Ms Danijela Duric, book publishing process manager/ Head at
Intech, for her prompt responses to my queries in regards to complete this book. I wish all of
my collaborators every success in their future research activities.
Foremost‚ I would like to thank my wife Mrs Varoti Das, son Nishikanta Das and daughter
Nandita Das for their strong patience‚ understanding, continuous encouragement and sup‐
port to complete this book.
Narottam Das
Department of Electrical and Computer Engineering
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Chapter 1

Design and Implementation of WDM-PON Solutions
Vjaceslavs Bobrovs, Jurgis Porins,
Sandis Spolitis and Girts Ivanovs
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/59052

1. Introduction
Internet traffic is growing very rapidly. Based on Cisco Visual Networking Index (VNI)
forecast and methodology, global IP traffic has increased more than 4 times in the past 5 years,
and will increase 3 times over the next 5 years. Moreover, it will reach 1 zettabyte (ZB) per year
or 83.8 exabytes (EB) per month in year 2015 and exceed 1.4 ZB per year or 120.6 EB per month
threshold by the end of year 2017. Video-on-demand traffic will triple by year 2016. For these
reasons there will be need for optical access networks which are capable to handle with large
data amounts, consume less energy and are cost effective [3].
PONs has been considered to be one of the most promising solutions for access networks due
to its broad bandwidth and low-cost infrastructure [4]. Especially, spectrum sliced wavelength
division multiplexed passive optical network can be an attractive and cost effective solution
to satisfy the growing worldwide demand for transmission capacity in the next generation
fiber optical access networks [1, 2]. In principle there are two major factors that will influence
the telecommunication networks of the future. The first one is the need to support high
bandwidths and low latency and the second one is to use an architecture that is both cost and
energy efficient [5]. Recent studies have uncovered that a large amount of electricity is
consumed by telecom equipment’s in broadband enable countries. Therefore it is important
to put research effort for minimizing energy consumption in fiber optical access networks [6].
Traditional WDM systems have multiple transmitter lasers operating at different wavelengths,
which need to be wavelength selected for each individual channel operated at a specific
wavelength [1, 2]. It increases complexity of network architecture, cost and wavelength
management [7]. The strength of spectrum sliced WDM-PON technology is use of one common
broadband seed light source and its ability to place electronics and optical elements in one
central office (CO), in that way simplifying the architecture of fiber optical network [1]. By

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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using only one light source instead of one for every user we can make optical access system
more energy efficient or in other words “green”. It is reported that the total energy consumed
by the infrastructures of communication networks including Internet take up more than 3%
of the current worldwide electric energy consumption. In specific, the access networks
contribute to a larger portion of the overall energy consumption when compared to the core
and transport networks [8]. Spectrum sliced WDM PON systems benefit from the same
advantages as traditional WDM, while employing low cost incoherent light sources like
amplified spontaneous emission (ASE) source or light-emitting diode (LED) [7, 9].
The optical bandwidth per channel of SS-WDM PON system is large compared to the bit rate.
Therefore, dispersion significantly degrades the performance of this system more than it is
observed in conventional laser-based systems [10]. The influence of dispersion needs to be
studied in order to understand the characteristics of a spectrum sliced WDM PON system
employing standard single mode optical fiber (SMF).
It is very important to build a new type optical system based on widely used frequency grid,
recommended by international standards because of such a system potentially is much more
compatible with other already existing WDM-PON optical systems. The main benefit includes
the reduction of network architecture complexity as well as cost per one user. It is possible by
replacing the classic WDM-PON system (where one laser source is used for each user) with
our proposed spectrum sliced dense WDM PON system with CD compensation (where one
seed broadband ASE source is spectrally sliced and used for multiple users) [11, 12].
The more information we are transmitting the more we need to think about parameters like
available bandwidth and latency. Bandwidth is usually understood by end-users as the
important indicator and measure of network performance. It is surely a reliable figure of merit,
but it mainly depends on the characteristics of the equipment. Unlike bandwidth, latency and
jitter depend on the specific context of transmission network topology and traffic conditions.
As network latency we understand delay from the time of packet transmission at the sender
to the end of packet reception at the receiver [13]. If latency is too high it spreads data packets
over the time and can create an impression that an optical network is not operating at data
transmission speed which was expected. Data packets are still being transported at the same
bit rate but due to latency they are delayed and affect the overall transmission system per‐
formance [14].
It should be pointed out, that there is need for low latency optical networks in almost all
industries where any data transmission is realized. It is becoming a critical requirement for a
wide set of applications like financial transactions, videoconferencing, gaming, telemedicine
and cloud services which requires transmission line with almost no delay performance. These
industries are summarized in references [15, 16] and shown below (see Table 1).
In fiber optical networks latency consists of three main components which adds extra time
delay: the optical fiber itself, optical components, and opto-electrical components. Therefore,
for the service provider it is extremely important to choose best network components and think
on efficient low latency transport strategy [17, 18].

Design and Implementation of WDM-PON Solutions
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Industry

Applications and services
• video conferencing
• live-streaming
• rich learning content

Education

• dynamic e-learning platforms
• presentation applications
• dynamic administration tools
• cloud-based applications
• Picture Archiving Communications Systems (PACS)
• telemedicine, telehealth applications

Healthcare

• diagnostic imaging
• Electronic Medical Records (EMR)
• patient portals
• mobile healthcare applications and equipment
• live-streaming breaking news

Media
and
Entertainment

• television shows
• videoconferencing
• movies over Internet
• transfer large files, images, and videos from the field to studios around the world
• real-time gaming
• interaction between communities and their governments
• transportation management,

Government

• emergency response and general commerce
• circulation of documents
• self-service portals

Legal

• sharing large, bandwidth-intensive files quickly and securely
• secure and high speed access to critical files "24 hours a day, 7 days a week"
• High-Frequency Trading (HFT) and high speed information exchange

Finance

• financial transactions
• connections to brokers, dealers, exchanges, hedge funds and information feeds

Table 1. Industries where low latency services are very important.

There are many researches about improvement of transmission speed in fiber optical networks
while impact and sources of latency is not investigated sufficiently. As mentioned before,
latency is a critical requirement for a wide set of applications. Even latency of 250 ns can make
the difference between winning and losing a trade [19]. Surely “latency reduction” is among
the hot key-words for vendors, end-users and telecommunication service providers. Accord‐
ing to a recent market analysis, the request for ultra-low latency services is increasing dra‐
matically and opening many opportunities especially in the field of end-to-end high-speed
optical services [20]. Latency reduction is very important in financial sector, for example, in
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the stock exchange market where 10 ms of latency could potentially result in a 10% drop in
revenues for a company [21]. No matter how fast you can execute a trade command, if your
market data is delayed relative to competing traders, you will not achieve the expected fill
rates and your revenue will drop [22]. Low latency trading has moved from executing a
transaction within several seconds to milliseconds, to microseconds, and even nanoseconds.
Nowadays, a millisecond improvement in network speeds offers competitive advantage for
financial institutions [23].

2. Latency issue in optical networks
It is important to look at latency as consisting of different components. Latency is a time delay
experienced in transmission system and it describes how long it takes for data to get from
transmission side to receiver side. In a fiber optical communication systems it is essentially the
length of optical fiber divided by the speed of light in fiber core, supplemented with delay
induced by optical and electro optical elements plus any extra processing time required by
system also called overhead [24]. Signal processing delay can be reduced by using parallel
processing based on large scale integration CMOS technologies [25].
Added to the latency due to propagation in the fiber, there are other path building blocks which
affect the total data transport time [17, 24]. These elements include opto-electrical conversation,
switching and routing, signal regeneration, amplification, chromatic dispersion compensation,
compensation of polarization mode dispersion (PMD), data packing, digital signal processing
(DSP), protocols and addition forward error correction (FEC) [24]. Data transmission speed
over optical metro network must be carefully chosen. If we upgrade 2.5 Gbit/s link to 10 Gbit/
s link then CD compensation or amplification may be necessary, but it also will increase overall
system latency. For optical lines with transmission speed more than 10 Gbit/s (e.g. 40 Gbit/s)
a need for coherent detection arises. In coherent detection systems CD can be electrically
compensated using DSP which also adds latency. Therefore some companies avoid using
coherent detection for their low-latency network solutions [26].
From the standpoint of personal communications, effective dialogue requires latency < 200 ms,
an echo needs > 80 ms to be distinguished from its source, remote music lessons require latency
< 20 ms, and remote performance < 5 ms. It has been reported that in virtual environments,
human beings can detect latencies as low as 10 to 20 ms. In trading industry or in tele-health
every microsecond matters. But in all cases, the lower latency we can get the better system
performance we can achieve [25, 27].
2.1. Single mode optical fiber
In standard single-mode fiber (SMF) major part of the light signal travels in the core while a
small amount of light travels in the cladding. Optical fiber with lower group index of refraction
provides an advantage in low latency applications [27].

2.1. Single mode optical fiber
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Figure
1. Effective group index of refraction impact of various commercially available Corning
Figure 1. Effective group index of refraction impact of various commercially available Corning single mode fiber
singletypes
mode
fiber types [28].
[28].
Therefore it is useful to use a parameter “effective group index of refraction (neff) instead of
“index of refraction (n)” which only defines the refractive index of core or cladding of single
mode fiber. The neff parameter is a weighted average of all the indices of refraction encountered
by light as it travels within the fiber, and therefore it represents the actual behavior of light
within a given fiber [28]. Figure 1 illustrates the impact of profile shape on neff by comparing
its values for several Corning single mode fiber products with different refractive index
profiles.
It is known that speed of light in vacuum is 299792.458 km/s. Assuming ideal propagation at
the speed of light in vacuum, an unavoidable latency value can be calculated as following in
Equation (1):
∆light =

1 km
c

=

1 km
299792.458 km / s

(1)

= 3.336 μs

However, due to the fiber’s refractive index light travels more slowly in optical fiber than in
vacuum. In standard single mode fiber defined by ITU-T G.652 recommendation the effective
group index of refraction (neff), for example, can be equal to 1.4676 for transmission on 1310
nm and 1.4682 for transmission on 1550 nm wavelength [29]. By knowing neff we can express
the speed of light in selected optical fiber at 1310 and 1550 nm wavelengths, see Equations
(2) and (3):
V1310nm =
V1550nm =

c
neff
c
neff

=
=

299792.458 km / s
1.4676
299792.458 km / s
1.4682

/

= 204273.956 km s

(2)

= 204190.477 km s

(3)

/
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By knowing speed of light in optical fiber at different wavelengths (see Equation (2) and (3))
optical delay which is caused by 1 km long optical fiber can be calculated as following:
∆1310nm =
∆1550nm =

1 km
V1310nm
1 km
V1550nm

=
=

1 km
204273.956 km / s
1 km
204190.477 km / s

= 4.895 μs
= 4.897 μs

(4)
(5)

As one can see from Equations (4) and (5), propagation delay value of optical signal is affected
not only by the fiber type with certain neff, but also with the wavelength which is used for data
transmission over fiber optical network. It is seen that optical signal delay values in single
mode optical fiber is about 4.9 μs. This value is the practical lower limit of latency achievable
for 1 km of fiber in length if it were possible to remove all other sources of latency caused by
other elements and data processing overhead [7].
Photonic crystal fibers (PCFs) can have very low effective refractive index, and can propagate
light much faster than in SMFs [25]. For example, hollow core fiber (HCF) may provide up to
31% reduced latency relative to traditional fiber optics [30, 31]. But there is a problem that
attenuation in HCF fibers is much higher compared to already implemented standard single
mode fibers (for SMF α=0.2 dB/km but for HCF α=3.3 dB/km at 1550 nm) [32]. It is reported
even 1.2 dB/km attenuation obtained in hollow-core photonic crystal fiber [33].
2.2. Chromatic dispersion compensation
Chromatic dispersion (CD) occurs because different wavelengths of light travel at different
speeds in optical fiber. CD can be compensated by dispersion compensation module (DCM)
where dispersion compensating fiber (DCF) or fiber Bragg grating (FBG) is employed [34].
A typical fiber access optical network will require DCF approximately 15 to 25% of the overall
fiber length. It means that use of DCF fiber adds about 15 to 25% to the latency of the fiber [17,
18]. For example, 100 km long optical metro network where standard single mode fiber (SMF)
is used, can accumulate chromatic dispersion in value about 1800 ps/nm at 1550 nm wave‐
length [29]. For full CD compensation is needed about 22.5 km long DCF fiber spool with large
negative dispersion value (typical value is-80 ps/nm/km) [35]. If we assume that light propa‐
gation speed in DCF fiber is close to speed as in SMF then total 100 km long optical network’s
latency with CD compensation using DCF DCM is about 0.6 ms.
Solution how to avoid need for chromatic dispersion compensation or reduce the length of
necessary DCF fiber is to use optical fiber with lower CD coefficient value. For example, nonzero dispersion shifted fibers (NZ-DSFs) were developed to simplify CD compensation while
making a wide band of channels available. NZ-DSF fiber parameters are defined in ITU-T G.
655 recommendation [36]. Today NZ-DSF fibers are optimized for regional and metropolitan
high speed optical networks operating in the C-and L-optical bands. For C band it is defined
that wavelength range is from 1530 to 1565 nm, but for L band it is from 1565 to 1625 nm [37].

Design and Implementation of WDM-PON Solutions
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For commercially available NZ-DSF fiber chromatic dispersion coefficient can be from 2.6 to
6.0 ps/nm/km in C-band and from 4.0 to 8.9 ps/nm/km in L-band. At 1550 nm region typical
CD coefficient is about 4 ps/nm/km for this type of fiber. It can be seen that for G.655 NZ-DSF
fiber CD coefficient is about four times lower than for standard G.652 SMF fiber [27, 38]. Since
these fibers have lower dispersion than conventional single mode, simpler modules are used
that add only up to 5% to the transmission time for NZ-DSF [7]. This enables a lower latency
than using SMF fiber for transmission. Another solution how to minimize need for extra CD
compensation or reduce it to the necessary minimum is dispersion shifted fiber (DSF) which
is specified in ITU-T G.653 recommendation. This fiber is optimized for use in the 1550 nm
region and has no chromatic dispersion at 1550 nm wavelength. Although, it is limited to
single-wavelength operation due to non-linear four wave mixing (FWM), which causes optical
signal distortions [39].
If CD is unavoidable another technology for compensation of accumulated CD is a deployment
of fiber Bragg gratings (FBG). DCM with FBG can compensate several hundred kilometers of
CD without any significant latency penalty and effectively remove all the additional latency
that DCF-based networks add [7]. In other words, a lot of valuable microseconds can be gained
by migrating from DCF DCM to FBG DCM technology in optical metro network [40]. Typical
fiber length in an FBG used for dispersion compensation is about 10 meters. Therefore,
normally FBG based DCM can introduce from 5 to 50 ns delay in fiber optical transmission
line [27].
One of solutions how to avoid implementation of DCF DCM which introduces addition delay
is coherent detection where new transmission formats like quadrature phase-shift keying
(QPSK) can be used. However, it must be mentioned that it can be a poor choice from a latency
perspective due to the added digital signal processing (DSP) time they require. This additional
introduced delay can be up to 1 μs [24, 31].
2.3. Optical amplifiers
Another key optical component which adds additional time delay in optical transmission line
is optical amplifier. Erbium doped fiber amplifiers (EDFA) is widely used in fiber optical
networks. EDFA can amplify signals over a band of almost 30 to 35 nm extending from 1530
to1565 nm, which is known as the C-band fiber amplifier, and from 1565 to 1605 nm, which is
known as the L-band EDFA. The great advantage of EDFAs is that they are capable of
simultaneously amplifying many WDM channels and there is no need to amplify each
individual channel separately. EDFAs also remove the requirement for optical-electricaloptical (OEO) conversion, which is highly beneficial from a low-latency perspective. However
it must be taken into account that EDFA contains few meters erbium-doped optical fiber (Er3+)
which adds extra latency, although this latency amount is small compared with other latency
contributors. Typical EDFA amplifier contains up to 30 m long erbium doped fiber. These 30
m of additional fiber add 147 ns (about 0.15 μs) time delay [27].
Solution how to avoid extra latency if amplification is necessary is use of Raman amplifier
instead of EDFA or together (in tandem) with EDFA. This combination provides maximal
signal amplification with minimal latency. Raman amplifiers use a different optical charac‐
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teristic to amplify the optical signal [9, 27]. Raman amplification is realized by using stimulated
Raman scattering. The Raman gain spectrum is rather broad, and the peak of the gain is
centered about 13 THz (100 nm in wavelength) below the frequency of the pump signal used.
Pumping a fiber using a high-power pump laser, we can provide gain to other signals, with a
peak gain obtained 13 THz below the pump frequency. For example, using pumps around
1460–1480 nm wavelength provides Raman gain in the 1550–1600 nm window, which partly
cover C and L bands. Accordingly, we can use the Raman’s effect to provide gain at any
wavelength we want to amplify. The main benefit regarding to latency is that Raman amplifier
pump the optical signal without adding fiber to the signal path, therefore we can assume that
Raman amplifier adds no latency [41].
2.4. Transponders and opto-electrical conversion
Any transmission line components which are performing opto-electrical conversation increase
total latency. One of key elements used in opto-electrical conversation are transponders and
muxponders. Transponders convert incoming signal from the client to a signal suitable for
transmission over the WDM link and an incoming signal from the WDM link to a suitable
signal toward the client. Muxponder basically do the same as transponder except that it has
additional option to multiplex lower rate signals into a higher rate carrier (e.g. 10 Gbit/s services
up to 40 Gbit/s transport) within the system in such a way saving valuable wavelengths in the
optical metro network [41].
The latency of both transponders and muxponders varies depending on design, functionality,
and other parameters. Muxponders typically operate in the 5 to 10 μs range per unit. The more
complex transponders include additional functionality such as in-band management channels.
This complexity forces the unit design and latency to be very similar to a muxponder, in the 5
to 10 μs range. If additional FEC is used in these elements then latency value can be higher [7].
Several telecommunications equipment vendors offer simpler, and lower-cost, transponders
that do not have FEC or in-band management channels or these options are improved in a way
to lower device delay. These modules can operate at much lower latencies from 4 ns to 30
ns. Some vendors also claim that their transponders operate with 2 ns latency which is
equivalent to adding about a half meter of SMF to a fiber optical path [41].
2.5. Optical signal regeneration
For low latency optical metro networks it is very important to avoid any regeneration and
focus on keeping the signal in the optical domain once it is entered the fiber. An opticalelectronic-optical (OEO) conversion takes about 100 μs, depending on how much process‐
ing is required in the electrical domain [24]. Ideally a carrier would like to avoid use of
FEC or full 3R (signal power, shape and length) regeneration. 3R regeneration needs OEO
conversion which adds unnecessary time delay. Need for optical signal regeneration is
determined by transmission data rate involved, whether dispersion compensation or
amplification is required, and how many nodes the signal must pass through along the
fiber optical path [26].
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2.6. Forward error correction and digital signal processing
It is necessary to minimize the amount of electrical processing at both ends of fiber optical
connection. FEC, if used (for example, in transponders) will increase the latency due to the
extra processing time [7]. This approximate latency value can be from 15 to 150 μs based on
the algorithm used, the amount of overhead, coding gain, processing time and other param‐
eters [27].
Digital signal processing (DSP) can be used to deal with chromatic dispersion (CD), polariza‐
tion mode dispersion (PMD) and remove critical optical impairments. But it must be taken into
account that DSP adds extra latency to the path. It has been mentioned before that this
additional introduced delay can be up to 1 μs [31].
processing time [7]. This approximate latency value can be from 15 to 150 μs based on the algorithm
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amplifiers are replaced by Raman amplifiers.
For total latency calculations of both optical systems we assume that 64 byte packet which adds 51.2
ns network interface delay is transmitted. Here we used typical latency parameters we described
previously in this work and compared results; see from obtained data (see Table 2).
As one can see from obtained data (see Table 2), total latency amount is reduced by 21.6% or 216.24
μs. In this case the main benefit comes from optimization of chromatic dispersion compensation
scheme from DCF DCM to FBG DCM and replacement of conventional transponders to low latency
transponders.
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For total latency calculations of both optical systems we assume that 64 byte packet which adds
51.2 ns network interface delay is transmitted. Here we used typical latency parameters we
described previously in this work and compared results; see from obtained data (see Table 2).
As one can see from obtained data (see Table 2), total latency amount is reduced by 21.6% or
216.24 μs. In this case the main benefit comes from optimization of chromatic dispersion
compensation scheme from DCF DCM to FBG DCM and replacement of conventional
transponders to low latency transponders.
Line component

Conventional network

2 x 80 km ITU-T G.652 SMF
fiber spans
1 CD compensation module
(DCM)
2 Optical amplifiers
2 Transponders
2 Network interface delays
Total latency value

Latency optimized network

4.9 μs x 160 km = 784 μs

4.9 μs x 160 = 784 μs

DCF DCM: 25% of 784 μs = 196 μs

FBG DCM: 50 ns

EDFA: 2 x 0.15 μs = 0.3 μs

RAMAN adds no delay

2 x 10 μs = 20 μs

2 x 4 ns = 8 ns

2 x 51.2 ns = 102.4 ns

2 x 51.2 ns = 102.4 ns

1 ms

0.784 ms

Table 2. Latency calculation for conventional and latency optimized network.

3. Measurement technique and accuracy
Our research is based on powerful and accepted mathematical simulation software OptSim.
It solves complex differential nonlinear Schrödinger equation (NLSE) using split-step Fourier
method (SSFM). This equation describes optical signal propagation over the fiber and can be
written as Equation (6) [42]:
β ¶3
β ¶2
2
αl
¶
× A + × A + j × 2 × 2 × A - 3 3 × A =j × g × A × A
2
2 ¶t
6 ¶t
¶z

(6)

where A(t, z) is complex optical field; z is fiber length, [km]; αlis linear attenuation coefficient
of an optical fiber, [km-1]; β2is the second order parameter of chromatic dispersion, [ps2/nm];
β3is the third order parameter of chromatic dispersion, [ps3/nm]; γis nonlinear coefficient,
[W-1.km-1]; t is time, [s]. NLSE takes into the account linear and nonlinear affects and they
influence to optical signal distortions. The principle of split-step method is better illustrated
by (6), which can be written as follows [42]:
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∂
∂z

^ ^
∙ A(t , z ) = (D + N) ∙ A(t , z )

(7)

^
Dis linear operator responsible for linear effects such as dispersion and attenuation [42]:
^
D= -

αl
2

- j∙

β2
2

∙

∂2

∂ t2

+

β3
6

∙

∂3

(8)

∂ t3

^
Nis nonlinear operator, which takes into account Kerr and other nonlinear effects (NOEs)
[42]:
^
N = j ∙ γ ∙ |A|2 ∙ A

(9)

In general split-step method is based on assumption that linear and nonlinear effects affect
optical signals independently. This statement can be considered as true if we assume that all
fiber length z is being divided into sufficiently small spans Δz, and only then these linear and
nonlinear effects by turns are taken into account for each

Δz
2

segment.

There are two basic algorithms for realization of SSFM: time domain split step (TDSS) and
frequency domain split step (FDSS). These two algorithms differ only with an approach that
^
^
is being used for calculation of linear operatorD. While in both cases nonlinear operator N is
being calculated in time domain [42].
^
Operator D is being fully characterized by its impulse response h(t) and it is mathematically
correct to calculate its influence to A(t, z) optical field using products of mathematical
convolution. In TDSS case it can be written as follows [42]:
∞

AL n = A n *h n = ∑ A k ∙ h n - k

(10)

A'L n = A n ⊗ h n = FFT-1{FFT(A n ) ⨉ FFT (h n )}

(11)

k=-∞

This algorithm calculates this convolution in time domain and precisely obtains time delay
values between signals with different wavelength. In OptSim software this TDSS algo‐
rithm is realized using finite impulse reaction (FIR) filters. This sophisticated technique
provides complete control of an overall mistake that may occur during all process of
^
calculating. By contrast FDSS calculates D in frequency domain but firstly for this algo‐
rithm is necessary to calculate fast Fourier transformation (FFT) from A[n] signal samples
and from h(t) impulse reaction. Then it is necessary to use invers FFT (FFT-1) to convert
obtained data array to time sample domain. FDSS algorithm can be mathematically
described using following equation [42]:
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As one can see, then in this case circular convolution is used for obtaining signal sample
arrayA'L n . This array may contain fewer samples than it is necessary to obtain actual
convolution products—AL n sample array. Hence this algorithm is easier to implement than
TDSS and it requires less computation time and resources but serious errors may occur
during calculation [42].
^
^
Equation (7) can be solved assuming that D and N operators are independent and fiber span
Δz length is small enough (5-100 meters, depending on the simulation accuracy require‐
ments). Then optical signal after propagation over Δz span can be described in the following
manner [42]:
A(t, z + ∆ z ) ≅ exp

∆z
2

{

(

^
^
∙ D ∙ exp ∆ z ∙ N A t, z +

∆z
2

) } ∙ exp ( ∆2z ∙ D^) ∙ A(t,

z)

(12)

For the evaluation of system performance will be used such parameter as Q-factor and BER
value. Q=7.03 (16.94 dB) corresponds to the commonly used reference for BER of 10-12. Q factor
and BER confidence interval magnitude depends on the total number of simulated bits Ntotal [42]:
Q

dev Q* ≡ σQ ≅

(13)

2 ∙ Ntotal

where Q is Q-factor value that can be calculated using following Equation (9) [42]:
Q=

|μ1 - μ0|

(14)

σ1 + σ0

whereμ1,0 and σ1,0 are the mean and the standard deviation of the received signal, when a logical
“1” and “0” is transmitted, and π≈ 3.14 [42].
BER =

1
2

∙ erfc

( )
Q

(15)

2

Using Equation (13) Q-factor uncertainty range can be expressed as [42]:

range = 20 ∙ log10

(

1+
1-

2
N total
2

N total

)

(16)

Q-factor uncertainty range for 1024 simulated bits that is used in our schemes is equal to 0.77
dB. For 1024 of simulated bits these intervals are:
Qfor16.94dB Î éë16.55;17.31ùû , éëdB ùû

(17)
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log 10{BERfor 10-12} ∈ -12.97; - 11.04

(18)

Q-factor and BER value 95% (± 2σQ) confidence intervals for 16.94 dB nominal value can be

obtained using Equation (13) and Equation (15) assuming that we are dealing with Gaussian
distribution.

4. Background of spectrum slicing technique and WDM PON models
Spectrum slicing technique is one of basic techniques available in WDM PON systems in order
to reduce the cost of components and simplify the passive network architecture. There
incoherent broadband light source (BLS) is sliced and equally spaced multi-wavelength
channels is generated [2]. The aim of spectrum slicing is to employ a single BLS for transmission
on a large number of wavelength channels (see Fig. 3).

Figure 3. Operational principle of spectrum sliced multi-channel fiber optical transmission system.

At first, BLS is sliced with arrayed-waveguide grating (AWG). Afterwards, optical slices are
modulated, multiplexed by second AWG and transmitted over standard single mode optical
fiber line. Channels are demultiplexed by third AWG located after SMF and received by direct
detection optical receiver. This receiver can be PIN photodiode or avalanche photodiode
(APD). Broadband light sources like LED, SLED (superluminescent diode) or ASE can be used
in spectrum sliced systems for data transmission. Transmission power available for each
separate optical channel depends on the slice width. It should be considered that a larger slice
will increase not only the total channel power but also increase the influence of dispersion and
therefore the number of available WDM channels [2]. In our research we choose ASE as BLS
for spectral slicing because it has the highest optical output power compared to other above
mentioned broadband light sources.
4.1. Experimental models of WDM PON transmission system
Erbium doped fiber amplifier (EDFA) emits high power amplified spontaneous emission
(ASE) noise in C band (wavelength from 1530 to 1565 nm) and L band (wavelength from 1565
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to 1625 nm) if there is no signal to be amplified. This effect is used to design broadband ASE
light source in this research. ASE noise generation and gain occurs along all EDFA fiber length
and it depends on erbium ion (Er3+) emission and absorption spectrum [14]. Broadband ASE
light source realization can be done in different ways: by using one EDFA or connecting several
amplifiers in cascade mode (one after another). The latter method allows achieving almost flat
ASE output spectrum and higher output power because of better Er3+ions usage along several
amplifiers.
In our research the broadband ASE light source is constructed from two EDFAs combined in
cascaded mode. The smoothest ASE output spectrum can be achieved if 400 mW output power
for all pump lasers is used, where first EDFA amplifier is pumped in co-propagating direction
on 1480 nm wavelength, and second EDFA is pumped in co-propagating direction on 1480 nm
as well as in counter-propagating direction on 980 nm (see Fig. 4).

Figure 4. Detailed scheme of cascaded EDFA system with optimized parameters.

Erbium doped fiber span with length of 9 m is used for first EDFA and 12 m long erbium doped
span is used for second EDFA. In this manner a broadband ASE source with almost flat
spectrum and total output power on the output of cascaded EDFA system about+23 dBm (200
mW) is being constructed. The output spectrum of realized broadband ASE noise-like light
source which will be spectrally sliced using AWG unit is shown in Figure below (see Fig. 5).
The highlighted area in figure shows the 1545.322 nm to 1558.983 nm wavelength range (192.3
THz to 194.0 THz frequency, centered on 1552.524 nm wavelength or 193.1 THz in frequency)
which will be used for our 8-channel and 16-channel spectrally sliced WDM-PON systems.
As one can see (see Fig. 5), fluctuations of optical power level are minimal and spectrum in
this employed region is almost flat.
This section describes simulation scheme of SS-WDM PON system with up to 16 channels, 2.5
Gbit/s transmission speed per channel (total system’s capacity is up to 40 Gbit/s) and chromatic
dispersion compensation module (DCM).
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The performance of simulated scheme was evaluated by the obtained bit error ratio (BER)
value of each channel in the end of the fiber optical link. Basis on ITU recommendation G.984.2
it is taken into account that BER value for fiber optical transmission systems with data rate 2.5
Gbit/s per channel must be below 10-10.

Figure 5. Output spectrum of noise-like ASE broadband light source.

As one can see in Figure 6, SS-WDM PON simulation scheme we built consists of up to 16
channels. Frequency grid is anchored to 193.1 THz and channel spacing is chosen equal to 100
GHz frequency interval. This frequency grid and interval is defined in ITU-T recommendation
G.694.1. Broadband ASE light source is spectrally sliced using 8-channel or 16-channel flattop
AWG filter (AWG1) with channel spacing equal to 100 GHz (0.8 nm in wavelength). Using this
AWG unit we can obtain equally arranged optical channels (slices) with dense channel interval
100 GHz. Insertion losses of AWG units are simulated using additional attenuation blocks
(attenuators). It is taken into account that simulated high-performance AWG multiplexers and
demultiplexers are absolutely passive optical components with insertion loss up to 3 dB each.
After spectrum slicing operation implemented by AWG1, optical slices are transmitted to
optical line terminals (OLTs). OLTs are located at central office (CO). Each OLT consists of data
source, non-return-to-zero (NRZ) driver, and external Mach-Zehnder modulator (MZM). Each
MZM has 5 dB insertion losses, 20 dB extinction ratio, modulation voltage Vπ of 5 Volts and
maximum transmissivity offset voltage 2.5 Volts.
Generated bit sequence from data source is sent to NRZ driver where electrical NRZ pulses
are formed. Afterwards formed electrical NRZ pulses are sent to MZM modulator. MZM
modulates optical slices received from AWG1 and forms optical signal according to electrical
drive signal. These formed optical pulses from all OLTs are coupled by AWG multiplexer
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Figure 6. Simulation model of proposed high-speed up to 16-channel AWG filtered and ASE seeded SS-WDM PON
system with DCM module.

(AWG2) and sent into standard optical single mode fiber (SMF) defined in ITU-T recommen‐
dation G.652 [12].
Information from OLT is transmitted to an optical network terminal (ONT) or user over the
fiber optical transmission link called optical distribution network (ODN). ODN consists of
AWG multiplexer, two optical attenuators, dispersion compensation module (DCM), SMF
with length up to 20 km and two AWG demultiplexers. SMF fiber used in simulation setup
has large effective core area Aeff=80 μm2, typical attenuation α=0.2 dB/km, dispersion coefficient
D=16 ps/(nm km) and dispersion slope Dsl=0.07 ps/(nm2 km) at the reference wavelength
λ=1550 nm.
As one can see in middle of Figure 6, two simulated CD compensation methods implemented
in DCM module are FBG and DCF. In our research we use DCF fiber with Aeff=20 μm2,
attenuation coefficient α=0.55 dB/km, dispersion coefficient D=-80 ps/(nm km) and dispersion
slope Dsl=0.19 ps/(nm2 km) at the reference wavelength λ=1550 nm. For full compensation of
chromatic dispersion accumulated by 10 km of SMF fiber we need about 2 km of DCF fiber.
Simulated FBG is tunable in terms of both reference frequency and total dispersion value which
can be compensated. Additional attenuator is used for simulation of FBG’s 3 dB insertion loss.
For the most accurate results we used real parameters of standard DCF fiber and tunable FBG
in our simulation setup. In the end of fiber optical link 8 or 16 optical channels are separated
using AWG demultiplexer (AWG3) which is located in remote terminal (RT). Receiver section
includes ONT units. Each ONT consists of sensitivity receiver with PIN photodiode (sensitivity
S=-25 dBm at sensitivity reference error probability BER=10-10), Bessel electrical lowpass filter
(3-dB electrical bandwidth BE=1.6 GHz), optical power meter and electrical probe to evaluate
the quality of received optical data signal (capture eye diagram or spectrum). Optical signal is
converted to electrical signal using PIN photodiode and filtered with Bessel electrical filter for
noise reduction.
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4.2. Advanced model of SS-WDM PON system
This section describes simulation scheme of more advanced, bidirectional 8-channel SS-WDM
PON system with symmetrical 10 Gbit/s transmission speed per channel, gain saturated SOAs
before optical modulators and chromatic dispersion compensation module (DCM) in down‐
stream direction. For cost saving purposes DCM is not implemented in upstream direction
because the influence of CD on 20 km long optical transmission line, where conventional laser
based system (e.g. distributed feedback laser) is used may be considered as negligible [7]. Total
system’s capacity in downstream as well as in upstream direction is up to 80 Gbit/s.
Simulation scheme consists of 8 channels in downstream direction (see Fig. 7(a)) and 8 channels
in upstream direction (see Fig. 7(b)). Channel spacing for both directions is chosen equal to
100 GHz frequency or 0.8 nm wavelength intervals. As one can see in Figure 7(a), broadband
ASE light source, is spectrally sliced using 8-channel flattop AWG filter (AWG1) with channel
spacing equal to 100 GHz. Using this AWG unit we can obtain equally arranged optical slices
with dense channel interval. Insertion losses of AWG units are simulated using additional
attenuation blocks. It is taken into account that simulated AWG multiplexers and demulti‐
plexers are absolutely passive optical components with insertion loss up to 3 dB per unit. After
spectrum slicing operation realized by first AWG1, optical slices are transmitted to optical line
terminals (OLTs). OLTs are located at central office (CO).
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Figure 7. Setup of proposed bidirectional 8-channel SS-WDM PON system with data transmission speed 10 Gbit/s per
channel. In (a) is shown downstream direction which is realized by using spectrum-slicing technique, and in (b) up‐
stream direction where conventional laser based solution is used.

Each transmitter (Tx) of OLT consists of data source, non-return-to-zero (NRZ) driver,
semiconductor optical amplifier (SOA) and polarization-insensitive electro-absorption
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modulator (EAM). Compared with polarization-sensitive Mach–Zehnder modulator (MZM),
the use of EAM gives a 3-dB gain in optical power and signal to noise ratio (SNR) [43]. Each
EAM has 3 dB insertion loss and maximum applied voltage is 5 Volts. SOA is gain saturated
and amplifying incoming carrier spectral slice and used for suppression of excess intensity
noise (EIN) which comes from the spontaneous–spontaneous beating between different
wavelength components of the spectrally sliced incoherent broadband ASE light source [43].
Generated bit sequence from data source is sent to NRZ driver where electrical NRZ pulses
are formed and sent to EAM to drive it. Each EAM modulate amplified incoming spectral slices
according to electrical drive signal and forms optical pulses. These formed optical pulses from
all OLT transmitters (OLT_TX1 to OLT_TX8) are coupled by AWG multiplexer (AWG2) and
sent into standard 20 km long SMF fiber.
We also used additional gain saturated semiconductor optical amplifier (SOA) before modu‐
lator to suppress excess intensity noise (EIN) which originates from the ASE source [43].
In general SOAs, due to their structure can be characterized as a semiconductor lasers without
feedback, as the same mechanism is used in order to amplify incident light as in laser diodes.
Semiconductor optical amplifiers are the type of amplifiers in which electrical energy is applied
as a pump to achieve population inversion in the active region, and amplification is achieved
via the process of stimulated recombination luminescence. When the intensity of the input
optical signal increases, at a certain point the whole carrier population of the upper energy
level is occupied by the process of amplification. Therefore, for a specific SOA at the certain
intensity level of input optical signal the amplifier gain starts to decrease. Such behavior of
semiconductor amplifiers is known as gain saturation. When gain saturation occurs, charac‐
teristics of the gain become nonlinear (device gain becomes inversely proportional to the input
intensity). Therefore, intensity noise suppression of input optical signal takes place when
operating in such a nonlinear mode.
The main idea of intensity noise suppression is following: when intensity of input optical signal
is lower, saturated SOA will provide higher optical gain coefficient than during the moment
when input optical signal reaches its maximal value. Therefore, on the output of SOA ampli‐
tude difference between intensity drops and peaks will not be so large when signal is observed
in time domain, and obtained optical radiation will be more similar to the output of continuous
wavelength lasers, which are normally used as carriers in cases when external optical signal
intensity modulation is used.
Information from OLT transmitter part is sent to receiver part of optical network terminals
(ONT_RX1 to ONT_RX8) over the fiber optical transmission link referred as optical distribu‐
tion network (ODN). In our case for both transmission directions ODN consists of AWG
multiplexers/demultiplexers, optical attenuators, and 20 km long SMF spans. In downstream
direction FBG DCM is used for chromatic dispersion compensation. It is tunable in terms of
both reference frequency and total dispersion value which can be compensated. Additional
attenuator is used for simulation of FBG’s insertion loss which is set 3 dB. In the end of
downstream fiber optical link 8 optical channels are separated by using AWG demultiplexer
(AWG3) which is located in remote terminal (RT).
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Each ONT receiver (ONT_RX1 to ONT_RX8) consists of sensitivity receiver with PIN photo‐
diode (sensitivity is-19 dBm at BER=10-12), Bessel electrical lowpass filter (3-dB bandwidth is
7.5 GHz), optical power meter and electrical scope to evaluate the quality of received signal
(e.g. show eye pattern). Optical signal is converted to electrical signal using PIN photodiode
and filtered with Bessel electrical filter for noise reduction.
As one can see in Fig. 7(b), which represents upstream optical transmission, conventional laser
based system (where each user has its own individual light source) is realized. Each user’s
transmitter (ONT_TX1 to ONT_TX8) has its own continuous wavelength light source modu‐
lated by Mach-Zehnder modulator. Upstream transmission from user side to OLT receiver
block (OLT_RX1 to OLT_RX2) is realized over separate 20 km long optical fiber span. OLT
receiver structure is the same as for ONT receiver. As it mentioned before, dispersion com‐
pensation is not used in upstream transmission for cost reduction and network architecture’s
complexity reduction purposes.
In the simulation model it was decided to set all geometrical and material parameters of the
active layer of the SOA as it was used previously in [43]. There these parameters were set as
in a standard InGaAlAs travelling wave SOA with negligible residual facet reflectivity.
The only parameters which values were changed were the length of active layer and input bias
current. In the proposed solution it was required to obtain gain saturation of the amplifier for
input optical power of at least 5.5 dBm. Therefore, it was required to reduce the maximal optical
gain that can be provided by the SOA. This was achieved by shortening the length of active
layer of the SOA from 750 μm to 100 μm, in such a way significantly reducing the population
of available carriers in the active layer, hence also lowering the value of amplifier’s maximal
gain. It was required to set appropriate value of input bias current to obtain such level of
population inversion in active layer, which would provide BER values below the 10-12 threshold
for detected signals in all ONTs.
Best results were obtained if pumping current of 370 mA was used for our SOAs located in
OLTs transmitters. As mentioned in introduction part, when intensity of input optical signal
is lower, saturated SOA will provide higher optical gain coefficient than during the moment
when input optical signal reaches its maximal value. Instantaneous optical power at input and
output of the SOA is represented in Figures 8(a) and 8(b) respectively.
It can be clearly seen that after processing through the SOA intensity fluctuations of the
spectrally sliced optical flow have been reduced significantly. Unfortunately not all of the
intensity noise was suppressed. The provided solution of intensity noise suppression applies
only to the intensity noise which frequency is low in respect to the spontaneous carrier lifetime.
The SOA carrier changes are rate limited by their lifetimes, and carrier changes cannot keep
up with the high frequency intensity changes. Suppression of intensity noise, which frequency
is high in respect to the carrier lifetime, requires more detailed investigation and a different
approach for the SOA configuration [20].
Spectrum at the input and output of the SOA amplifier can be observed in Figure 9. By
comparing both curves, it can be seen that spectrum of spectral slice (i.e. spectrum of spectral
sliced carriers) at the output of the SOA is clearly broadened. Also, upper part (peak) of the
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Figure 8. Time diagram of optical signal: (a) before SOA and (b) on the output of SOA.

spectral slice obtained a visible slope with the intensity peak shifted towards to lower fre‐
quency.
The spectral broadening of spectral slices, each containing multiple carriers, is caused by
occurrence of two non-linear effects which became well seen as the SOA began to operate in
the gain saturated mode: intra-channel four wave mixing (FWM) and self-phase modulation
(SPM) of the carriers. Appearance of slope at the peak of spectral-sliced carriers is related to
SPM, as phase modulation also has the effect of shifting the peak power toward longer
wavelengths (lower frequencies) as the light travels through the SOA [43].
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Figure 9. Optical spectra of spectral slices filtered by AWG1 demultiplexer: (a) before SOA and (b) on the output of
SOA after amplification.
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Optical Power Spectrum (dBm)

In Figure 10 it is shown spectrum of downstream optical signals on the output of all OLT
transmitters (before multiplexing by AWG2 unit) and spectrum in the input of ONTs (after
demultiplexing by AWG3).
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Figure 10. Optical power spectra of transmitted signals for spectrum-sliced WDM-PON downstream direction: (a) on
the output of OLT transmitters and (b) on the input of ONT receivers (users) after 20 km transmission.

We found that optimal 3-dB bandwidth value of flat-top type AWG units for maximal quality
of received signal and acceptably low crosstalk between channels must be about 90 GHz for
spectrum sliced downstream and 50 GHz for laser based upstream system [7]. In case of ASE
spectral slicing flat-top type AWG units shows good filtering performance because of its
amplitude transfer function which provides good WDM channel separation at the same time
passing sufficiently high optical power. The larger is width of spectral slice the better per‐
formance we can obtain. However, arising crosstalk between channels must be taken into
account in this case [7]. It means that there is a tradeoff between optical filter bandwidth and
crosstalk between spectrum sliced channels which can result in system’s performance
limitations.
In Figure 11 is shown spectrum of optical signals on the output of laser based ONT transmitters
and in the input of OLT receivers after demultiplexing by AWG4 unit. As one can see all 8
upstream channel are well separated and any major spectral distortions is not observed. It
must be mentioned, that for CD compensation and performance as well as network reach
improvement of proposed 8-channel bidirectional SS-WDM PON system fiber Bragg grating
dispersion compensation module (FBG DCM) was used. It is seen in Figure below (see Fig.
12(a)) that without CD compensation system performance is poor and successful data
transmission is not possible.
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Figure 11. Optical power spectra of transmitted signals for laser based WDM-PON upstream direction: (a) on the out‐
put of ONT transmitters and (b) on the input of OLT receivers after 20 km transmission.

Theoretical value of accumulated CD for 20 km SMF fiber span is about 320 ps/nm. We found
that optimal CD amount which must be compensated by FBG DCM for downstream 20 km
SMF span is 310 ps/nm. Usage of gain saturated SOA for noise suppression was another key
element to build spectrum sliced WDM-PON system operating below desired BER threshold.
As it is shown in Figure 12(b), without gain saturated SOA downstream signal performance
already after transmitter (back-to-back (B2B) measurement) is seriously affected by noise and
BER is well above defined threshold (BER<10-12).
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Figure 12. Received eye diagrams of downstream signals for bidirectional 8-channel spectrum sliced WDM-PON sys‐
tem: (a) after 20 km without FBG DCM for CD compensation and (b) without use of SOA for noise suppression (B2B
measurement).
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Figure 13. Received eye diagrams for bidirectional 8-channel WDM-PON system after 20 km transmission: (a) spec‐
trum sliced downstream using SOA before modulator as well as FBG DCM for CD compensation, and (b) upstream
signal eye pattern without additional DCM.

When SOA amplifier and FBG DCM were used for performance improvement of down‐
stream direction, quality of obtained signal in receiver was sufficient and BER was below
minimal threshold (see Fig. 13(a)). It is clearly seen that noise at logical “1” level is
suppressed and eye opening became noticeably larger. It is due to the fact that gain
saturated SOA is amplifying low intensity signal more than comparatively high signal and
compress intensity fluctuations existing in input light signal, which in our case is spectral‐
ly sliced ASE. In Figure 13(b) we see, that eye diagram of upstream signal is quite good
and eye is wide open. Some signal distortion due to CD is also seen, but for transmission
distance of 20 km it can be considered as negligible.
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Figure 14. Measured BER performance of spectrum sliced downstream light signals in B2B configuration and after
transmission through 20 km SMF fiber span.
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For evaluation of downstream spectrum sliced system performance BER curve was measured
(see Fig. 14). It can be observed, that power penalty to receive optical signal for 8-channel
spectrum sliced downstream with desired BER<10-12 after 20 km transmission is 3.7 dB. This
penalty is introduced by the cross talk effects, dispersion and due to the noise-like nature of
broadband ASE light source.
In upstream transmission direction (see Fig. 15) minimal received power to obtain BER<10-12
must be more than-18.9 dBm for B2B configuration and-17.6 dBm for 20 km SMF transmission
line.
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Figure 15. Measured BER performance of separate laser based upstream light signals in B2B configuration and after
transmission through 20 km SMF fiber span.

As one can see in Figure 15, power penalty is about 1.3 dB, which can be explained by the
influence of CD which broadens optical pulses as they travel along the optical fiber span.

5. Comparison and evaluation of DCF and FBG chromatic dispersion
compensation methods for usage in up to 16 channel spectrum sliced
WDM-PON access networks
There are compared two different CD compensation methods for improvement of maximal
reach and performance of 8-channel and 16-channel AWG filtered SS-WDM PON system with
flattened ASE broadband light source. In Figures 16 and 17 it is shown optical spectra on the
output of ASE source and spectra after each flat-top AWG unit. We found that optimal 3-dB
bandwidth value of flat-top type AWG unit for maximal system performance must be about
90 GHz for both SS-WDM PON systems. In case of ASE spectral slicing flat-top type AWG unit
shows good filtering performance and high OSNR because of its amplitude transfer function
that provides good WDM channel separation at the same time passing sufficient high optical
power [12].
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First, we studied both SS-WDM PON systems in back to back (B2B) configuration (without
DCM and SMF fiber span in ODN) which was the reference to which we compared all other
measurements.
In Figures 18(a) and 19(a) we show the BER versus optical received power for 2.5 Gbit/s 8channel and 16-channel SS-WDM PON downlink transmission in B2B configuration as well
as after 10 km 20 km transmission without chromatic dispersion compensation. In Figures
18(b) and 18(c), as well as 19(b) and 19(c) we show the BER versus optical received power for
2.5 Gbit/s 8-channel and 16-channel SS-WDM PON downlink transmission after 10 km and 20
km transmission realizing CD compensation by implementing DCF and FBG respectively.

Figure 18. BER versus received optical power at the receiver for 8-channel SS-WDM PON system (a) without CD com‐
pensation, (b) using DCF for CD compensation, (c) using FBG for CD compensation.

As one can see in Figure 18(a), power penalty to receive optical signal for 8-channel system
with BER<10-10 after 10 km transmission is 2.7 dB. The minimal BER value of received signal
after 20 km transmission is above defined BER threshold and it means that qualitative data
transmission is not possible in this case.

Figure 19. BER versus received optical power at the receiver for 16-channel SS-WDM PON system (a) without CD
compensation, (b) using DCF for CD compensation, (c) using FBG for CD compensation.

In Figure 20 are shown eye diagrams of received signal in B2B configuration (BER<10-10) and
after 20 km long SMF span (here BER>10-10) without CD compensation.
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Theoretical value of accumulated CD for 10 km SMF fiber span is about 160 ps/nm and 320 ps/
nm for 20 km span. We found that optimal CD compensation amount that must be compen‐
sated by FBG for 10 km span is 125 ps/nm for both 8-channel and 16-channel systems. For 20
km SMF span we must compensate 290 ps/nm in 8-channel system and 280 ps/nm in 16-channel
system. In order to make optimal CD compensation in 8-channel system we used 2.5 km DCF
fiber before 10 km long SMF fiber span, and 4.7 km DCF fiber before 20 km span. For 16-channel
system it was used 2 km long DCF before 10 km span and 4.5 km DCF before 20 km SMF span.
In case of FBG it was used incomplete CD compensation, but in case of DCF the optical line
was overcompensated.
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When DCF fiber is used for CD compensation minimal received power must be-16.7 dBm for
10 km SMF fiber span and-15.2 dBm for 20 km fiber span or transmission line. As it is seen
from obtained results performance between FBG and DCF for CD compensation and system
efficiency improvement of 8-channel and 16-channel SS-WDM PON systems are close.
However, FBG provides better CD compensation performance. Instead of DCF fiber it can be
used at higher optical powers without inducing nonlinear optical effects and additional signal
distortion which can occur due to small effective core area of a DCF fiber.

6. Conclusion
We report on causes of latency in fiber optical networks and solutions how to minimize it.
Latency is a critical parameter in a wide set of applications like financial transactions, teleme‐
dicine, cloud services and other real-time applications which requires optical transmission line
with the smallest available time delay. It was shown that latency can be greatly reduced by
replacing conventional network components with low-latency components and by optimizing
optical network path trying to keep it short as possible. Future telecommunication networks
must be cost and energy efficient, in the same time supporting high bandwidths and low
latency. We showed the realization of cost effective up to 16-channel dense WDM-PON system
where spectrum sliced spectrally uniform ASE source is used as a light source. It is shown the
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design of this broadband spectrally-uniform ASE source with+23 dBm output power in
system’s operating wavelength range by using two EDFA amplifiers connected in cascade
mode. We also demonstrated excess intensity noise (EIN) suppression by using additional
SOA in transmitter section as well as experimentally compared two different chromatic
compensation methods, namely dispersion compensation fiber (DCF) and fiber Bragg grating
(FBG) for implementation of signal performance improvement in high-speed spectrum sliced
optical access systems.
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1. Introduction
Nowadays, the demand for high capacity wireless connectivity is endless. Radiofrequency
networks try to meet this demand but strict regulations and the increasing number of users
mean service providers have to look for new alternatives to radio communications. Wireless
optical communications could be a practical solution.
Among optical communication systems, visible light communications (VLC), first proposed
by researchers at Keio University in Tokyo [1][2], have prompted great interest in the scientific
community in the last few years [3][4][5]. There have also been regulatory efforts made in this
technology that have led to the appearance of a standard [6]. These new VLC systems, based
on the use of sustainable, energy-efficient, visible LED (light-emitting diode) lamps [7] to
simultaneously transmit information together with their normal use as illumination devices,
share the same advantages as their infrared counterparts [8]. They are also eye-safe (visible
light is not harmful to the human eye), which enables the use of higher transmission powers.
However, the main drawback is the limited transmission bandwidth of current LED devices,
typically several MHz, and whose enhancement has been one of the main issues addressed by
researchers [9][10][11][12].
Zeng et al. [13] have proposed the use of multiple-input multiple-output (MIMO) schemes
based on imaging receivers to obtain high capacity VLC networks. Additionally, the orthog‐
onal frequency division multiplexing (OFDM) technique has proved to be a feasible candidate
to obtain these high-speed networks [14], demonstrating impressive experimental data rates
for short-range communications [15][16][17][18]. In [19], it was forecast that combining OFDM
technique and imaging reception could be a potential research field for the future, which was
rapidly demonstrated experimentally by Azhar et al. [20]. Alternatively, Burton et al. have

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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proposed the use of non-imaging receivers for MIMO-OFDM-based VLC, also demonstrating
very interesting results [21].
This chapter describes the characteristics of MIMO-OFDM schemes applied to multi-user
visible light communications, comparing the capacity of both non-imaging and imaging
reception to separate the information corresponding to each individual user.

2. The indoor wireless visible-light optical channel
The indoor wireless visible-light optical channel is basically composed of three elements: the
emitting sources (the visible-light LED lamps), the room where lamp emissions are enclosed
and the optical receiver. In this section, the different components of the communication
channel are described thoroughly, highlighting their impact on the effective channel band‐
width.
2.1. Emitting sources
Visible-light LED lamps are commonly made up of a significant number of single chips, each
presenting a generalized Lambertian radiation pattern, typically of mode number n=1 or radiation
semiangle (at half power) ϕ1/2=arccos n 1 / 2=60° (see Fig. 9(a)). The Lambertian radiation pattern,
having uniaxial symmetry, is given by [22]:
RE (f ) = PE

n+1
p
p
cosn f , - £ f £
2p
2
2

(1)

where PE is the total power emitted by the single LED chip. There are two major types of visiblelight (white) LEDs: those consisting of a blue LED chip with a phosphor wavelength conver‐
sion, which enables re-emission at longer wavelengths thus leading to a combined broadband
optical spectrum in the visible region, and those devices composed of three independent LED
chips emitting at blue (B), green (G) and red (R) wavelengths, whose joint radiation is perceived
as white light [23][24]. The first group of devices, after suppressing the slow phosphorescent
component by means of a blue filter (see Fig. 1), experience a modulation bandwidth enhance‐
ment from ~2 MHz to ~20 MHz [4], whereas tri-chip RGB LEDs present a modulation band‐
width of ~25 MHz [24]. In this chapter, phosphor-based white LED will be mostly considered,
although bearing in mind the results are directly transferable to the case when RGB LEDs are
used.
Fig. 1 shows the power spectral density (PSD), which describes the radiant power per unit
wavelength, of a typical phosphor-based white LED (WLED) [25] and the eye sensitivity function
under daylight (well-lit) conditions [23], denoted as p(λ) and V(λ), respectively. The WLED
optical power [W] (radiant ﬂux) is given by
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Figure 1. Normalized power spectral density (PSD) of a typical phosphor-based white LED (WLED) and eye sensitivi‐
ty function under daylight (well-lit) conditions versus wavelength.

PE = ò

lmax (780 nm )

lmin ( 380 nm )

p ( l ) dl

(2)

In the PSD of a WLED, the blue component comprises approximately 50% of the power emitted
by the device [4]. In most communication applications, this component will solely be detected
by filtering the phosphorescent one to attain high data rates.
In visible-light communications, it is important to remember the relationship between
photometric and radiometric quantities [23], as LED lamps are used as illumination devices
too. The luminous flux [lm] can be obtained from the radiometric light power by [23]
Φ lum = 683

lm lmax
V ( l ) p ( l ) dl
W òlmin

(3)

The normalization factor 683 lm/W denotes that a monochromatic 1-W optical source emitting
at 555 nm, where photopic eye sensitivity is maximal (see V(λ) in Fig. 1), has a luminous flux
of 683 lumens. The luminous efficacy is then given by

hlum =

Φ lum é
ù
lm lmax
V ( l ) p ( l ) dl ú
= ê683
ò
lmin
W
PE
ë
û

lmax

òl

min

p ( l ) dl

(4)

This describes the conversion efficiency from the LED power to luminosity. The illuminance
[lx=lm/m2] is the incident luminous flux per unit area. The horizontal illuminance at a point
(x,y) can be obtained as [2]
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Ehor = I (f ) cos j / d 2 = I 0 cosn f cos j / d 2

(5)

where d is the distance between the optical source (LED) and the illuminated surface, ϕ is the
angle of irradiance, φ is the angle of incidence on the surface (see Fig. 9(a)), and I0 is the center
luminous intensity of the LED [4]
I=
I (f= 0=
)
0

n+1
F
2p lum

(6)

and n being the Lambert index of the optical source, which typically equals unity in WLEDs.
Fig. 2 depicts the direct illuminance at the working plane (0.75-m height) of a room with two
large windows (see parameters for characterization study in Table 1), due to the line-of-sight
(LOS) component, i.e. the one generated by the LED lamps in their direct paths to the illumi‐
nated point. When considering the reflection of light on walls and windows (see Fig. 3), the
values of illuminance are significantly enhanced and this becomes more uniform at the
working plane. In this last case, we can verify that standard levels for workplaces (> 400 lx) are
clearly achieved [26].
4
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(a) 3D illustration

(b) Contours map

1
Fig. 2. Direct (line-of-sight) illuminance at the receiver plane (Emin = 185 lx; Emax = 640 lx;
460 lx).
2Figure̅ 2.= Direct
(line-of-sight) illuminance at the receiver plane (Emin=185 lx; Emax=640 lx; Ē=460 lx).

2.2. Reflective surfaces
Rough reflective surfaces commonly present a purely diffuse reflection pattern, as shown in
Fig. 4(a), i.e. they do not favor any particular direction after reflection regardless of the
incidence angle. Moreover, this reflection pattern follows Lambert’s model with mode number
n=1:
RS (q , l ) = r ( l ) PI
(a) 3D illustration
3
4
5
6
7

1
cosq
p

(7)
(b) Contours map

Fig. 3. Illuminance at the receiver plane, considering contributions of reflections on walls
and windows (Emin = 445 lx; Emax = 845 lx; ̅ = 690 lx).
2.2. Reflective surfaces

Rough reflective surfaces commonly present a purely diffuse reflection pattern, as shown in
Fig. 4(a), i.e. they do not favor any particular direction after reflection regardless of the
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Here, rd is the fraction (0 ≤ rd ≤ 1) of the incident signal that is reflected diffusely, m denotes the
Here, rd is the fraction (0 ≤ rd ≤ 1) of the incident signal that is reflected diffusely, m denotes
directivity of the specular reflection component (mode number), θ' is the incidence angle with
the directivity of the specular reflection component (mode number), is the incidence angle
respect to the normal of the reflective surface, and the remaining parameters maintain the same
with respect to the normal of the reflective surface, and the remaining parameters maintain
as thoseasofthose
eqn. (7).
themeaning
same meaning
of eqn. (7).

(a) Lambert‟s model
8
9

(b) Phong‟s model

Fig. 4. Purely diffuse (Lambert‟s model) and combined diffuse-specular (Phong‟s model)
Figure 4. Purely diffuse (Lambert’s model) and combined diffuse-specular (Phong’s model) reflections.
reflections.
Room size (length × width × height):
Number of LED arrays (lamps):
Number of LEDs per array:
Dimensions of each LED array:
Positions of LED arrays (central point)
(x, y, z):

7.5 m × 5.5 m × 3.5 m
6 (3 × 2)
900 (30 × 30)
0.6 m × 0.6 m
array 1: (1.50, 1.50, 3.50)
array 2: (3.75, 1.50, 3.50)
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Room size (length × width × height):

7.5 m × 5.5 m × 3.5 m

Number of LED arrays (lamps):

6 (3 × 2)

Number of LEDs per array:

900 (30 × 30)

Dimensions of each LED array:

0.6 m × 0.6 m
array 1: (1.50, 1.50, 3.50)
array 2: (3.75, 1.50, 3.50)

Positions of LED arrays (central point)(x, y, z):

array 3: (6.00, 1.50, 3.50)
array 4: (1.50, 4.00, 3.50)
array 5: (3.75, 4.00, 3.50)
array 6: (6.00, 4.00, 3.50)

Power of a single LED (PE):

20 mW

LED Lambertian mode number (n):

1

LED transmission bandwidth:

∼ 15 MHz

Receiver plane height:

0.75 m

Surface materials parameters:

(λ )
ρ¯

rd

m

Ceiling

0.35

1

-

Floor

0.55

1

-

Walls (plaster)

0.69

1

-

Windows (glass)

0.04

0

280

Windows dimensions (width × height):

2.5 m × 1.5 m

Table 1. Parameters for environment characterization.

2.3. Optical receivers
In this section, two kinds of angle-diversity receivers will be considered [28]: imaging diversi‐
ty receivers, which use a lens for projecting an image of the optical sources (lamps) onto a
pixelated detecting surface, and non-imaging diversity receivers, which consist of several
detecting branches, each with its own optical detector, oriented in different directions which
provides angle-diversity reception.
2.3.1. Imaging receiver
In a VLC scenario based on an imaging receiver, the lamps’ images are projected on an array
of photodetectors (PD) by means of a lens, as depicted in Fig. 5. This projection can illuminate
several detecting pixels. However, when the photodetecting surface is divided into a signifi‐

2
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6

In this section, two kinds of angle-diversity receivers will be considered [28]: imaging
diversity receivers, which use a lens for projecting an image of the optical sources (lamps)
onto a pixelated detecting surface, and non-imaging diversity receivers, which consist of
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receiver
cant2.3.1.
numberImaging
of pixels,
the lamps impressions will be spread out over different detecting areas,
In a VLC
scenario
on an
imaging
receiver,
the lamps‟
images
are projected
onthis
an array
8 therefore
being
able tobased
separate
the
information
relative
to each
individual
lamp. In
study,
of photodetectors
(PD)
by
means
of
a
lens,
as
depicted
in
Fig.
5.
This
projection
can
9 we will
consider a paraxial optics approach, as in [13].
7

10
11
12
13

illuminate several detecting pixels. However, when the photodetecting surface is divided
into a significant number of pixels, the lamps impressions will be spread out over different
detecting areas, therefore being able to separate the information relative to each individual
lamp. In this study, we will consider a paraxial optics approach, as in [13].

(a) Pictorial representation
14

(b) Image projection on PD surface

Fig. 5. Imaging-receiver-based visible-light communication scenario.

lens of diameter Dvisible-light
and f-number
f#, its focal
15 FigureIn5.aImaging-receiver-based
length L is given by L = D· f#. Then, the
communication
scenario.
magnification of the system, when the lens is located at a vertical distance hL from the ceiling
16
17
is M = hL/L, i.e. any dimension do of the original object in the ceiling creates a
In a(see
lensFig.
of5(b)),
diameter
D and f-number f#, its focal length L is given by L=D f#. Then, the
replica (image) on the PD surface of size di = do/M. For example, for the width of the lamp,
18
magnification
of
the
system,
when the lenswe
is can
located
at a vertical
distance
thethe
ceiling
L fromon
we have AD = M· A‟D‟. Geometrically,
determine
the image
that ishdrawn
PD
19
(see
Fig.
5(b)),
is
M=h
/L,
i.e.
any
dimension
d
of
the
original
object
in
the
ceiling
creates
20
surface by projecting
every environment point
L
o along its path towards the imaging receiver a
through
the on
lensthe
center,
similar to
in For
Fig. example,
5(b) for points
A, width
B, C and
the
21 replica
(image)
PD surface
of that
size shown
di=do/M.
for the
of D
theoflamp,
22 we have
= wr2) on
willthe
only
LED lamp.
Therefore,
a square N×N we
photodetector
arraythe
of width
r (area
AD=M
A’D’. Geometrically,
can determine
imagewthat
is Adrawn
PD
be able to observe any point inside of its square-shape equivalent field of view (FOV), as
23
surface by projecting every environment point along its path towards the imaging receiv‐
shown in Fig. 6 for a 4×4-pixel imaging receiver. The total equivalent FOV, observation semi24
the lens
center,
similar
to that shown in Fig. 5(b) for points A, B, C and D of
25 er through
angle, varies
between
FOV
min = arctg(wr/2L), in the center of a PD side, and FOVmax =
2
lamp.
Therefore,
square For
N×Nexample,
photodetector
of width
wr (area
A=wwhose
r ) will
arctg(w
26 the LED
in a PDacorner.
for the array
4×4-pixel
imaging
receiver
r/√ L),
27 onlycharacteristics
are specified
in Table
2, of
weits
have
56.3º ≤ FOVequivalent
≤ 64.8º. However,
this(FOV),
total
be able to observe
any point
inside
square-shape
field of view
equivalent
FOV
is
shared
by
the
N×N
detector
elements.
For
example,
for
an
inner
single
28 as shown
in Fig. 6 for a 4×4-pixel imaging receiver. The total equivalent FOV, observation
29
detector element, this FOV reduces to FOVmin = arctg(wr/NL)/2 = 18.4º and FOVmax =

semi-angle, varies between FOVmin=arctg(wr/2L), in the center of a PD side, and

FOVmax=arctg(wr/ 2L), in a PD corner. For example, for the 4×4-pixel imaging receiver whose
characteristics are specified in Table 2, we have 56.3° ≤ FOV ≤ 64.8°. However, this total
equivalent FOV is shared by the N×N detector elements. For example, for an inner single
detector element, this FOV reduces to FOVmin=arctg(wr/NL)/2=18.4° and FOVmax=arctg( 2wr/
NL)/2=23.3°. Therefore, this kind of receiver is very directed, where every pixel only observes
a small portion of its tridimensional environment. Owing to the dimensions of the receiver
structure with respect to the room size, a single LED is seen as a point by the receiver too,
i.e. it will only illuminate a specific pixel of the PD array. The line-of-sight contribution of
a single LED to the received optical power is given by
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(b) Top view of FOV
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Fig. 6. Equivalent field of view (FOV) of the 4×4-pixel imaging receiver.
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Fig. 7 depicts the received light intensity images projected, through the lens, onto the
Figure 6. Equivalent field of view (FOV) of the 4×4-pixel imaging receiver.
photodetector surface for three different positions of the imaging receiver in the room, as
specified in Fig. 7(a). Here, not only LOS image is considered but also the reflections of light
Fig. 7 depicts the received light intensity images projected, through the lens, onto the photo‐
on the room‟s surfaces. In Fig. 7(d), we can clearly recognize the reflections of lamps 5 and 6
detector surface for three different positions of the imaging receiver in the room, as specified
on one of the windows, whereas for positions 1 and 2, the windows are out of the field of
inofFig.
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the7(a).
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lamps directly
illuminate a certain pixel and to see how two lamps never illuminate a single
pixel without at least one of these lamps also illuminating another pixel. As we will see, this
characteristic of imaging receivers is what makes them very appropriate for visible light
communications.
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(a) Top view of receiver locations

(b) Image at receiver for location 1

(c) Image at receiver for location 2

(d) Image at receiver for location 3

Fig. 7. Images impressed on photodetector surface for three different receiver locations.

Figure 7. Images impressed on photodetector surface for three different receiver locations.
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where Ar is the physical area of the photodetector placed in that branch, φ the observation
angle, φc the concentrator FOV, and g(φ) its gain, which, for an idealized non-imaging
concentrator with internal refractive index n, is given by [8]
2
2
ïìn / sin jc
g (j ) = í
0
ïî
Multi-user visible light communication
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{
Fig. 8 depicts the equivalent FOV(of)a 7-branch
non-imaging receiver with each branch having (11)
an individual FOV of 25° (the remaining parameters of the receiver are summarized in Table
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an individual FOV of 25º (the remaining parameters of the receiver are summarized
considering
the individual
single-element
FOVs,
the non-imaging
receiver
becomes
very
in Table 2). Compared
to the
imaging receiver
of section
2.3.1, its total
equivalent
FOV
is 75º,
directed
too.
However,
this
structure,
which
requires
a
separate
optical
concentrator
for
each
and considering the individual single-element FOVs, the non-imaging receiver becomes
photodetector,
is bulky
and more
thanwhich
the imaging
receiver,
and, optical
additionally,
it does for
very
directed too.
However,
this costly
structure,
requires
a separate
concentrator
each
photodetector,
bulky and
more
costly than the imaging receiver, and, additionally, it
not provide
so much is
diversity
as the
latter.
does not provide so much diversity as the latter.
Imaging receiver

Non-imaging receiver

Imaging receiver
Non-imaging receiver
2
Physical area of each PD (Ar):
36 cm2
2
Detector physical area (A): 36 cm
Physical area of each PD (Ar): 2.25 cm 2.25 cm2
Number of of
pixels
(P): (P):
1616
(4×4)
of branches
(P):
7
Number
pixels
(4×4) Number
Number
of branches
(P):
7
2
Pixel physical
areaarea
(Ar): (Ar):
2.25
cm cm2 Concentrator
FOV (φc):FOV (c):
25°
Pixel
physical
2.25
25º
Concentrator
Lens
f-number
1
Concentrator
1.5
Lens f-number
(f #): (f#):
1
Concentrator
refractiverefractive
index (n): index (n):
1.5
Lens
diameter
(D):
Orientation
of
detector
bran(0º,0º),
(50º,0º),
2
cm
Lens diameter (D):
2 cm
Orientation of detector branches
(0°,0°), (50°,0°), (50°,60°),
ches (elevation,
azimuth): (50°,120°),
(50º,60º),
(50º,120º),
(elevation,
azimuth):
(50°,180°),
(50°,
(50º,180º),
240°), (50°,300°) (50º,240º),
(50º,300º)
Detector physical area (A):

9

Table 2. Parameters of imaging and non-imaging receivers.

Table 2. Parameters of imaging and non-imaging receivers.

(a) Lateral view of FOV
10
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(b) Top view of FOV

Fig. 8. Equivalent field of view (FOV) of the 7-branch non-imaging receiver.
Figure 8. Equivalent field of view (FOV) of the 7-branch non-imaging receiver.
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2.4. Simulation algorithm
In wireless optical communications, the optical link is typically established by means of
intensity modulation (IM), in which the desired waveform is modulated onto the instantaneous
power of the carrier, in conjunction with direct detection (DD) as a down-conversion technique
at the receiver end. Therefore, the transmitted waveform x(t) is the instantaneous optical power
of the emitter, and the received waveform y(t) is the instantaneous current in the receiving
photodetector. In this way, the optical channel with IM/DD can be modeled as a baseband
linear system with impulse response h(t) or, alternatively, it can be described in terms of the
frequency response
H ( f ) = ò h ( t ) e - j 2p ft dt
¥

-¥

(12)

which is the Fourier transform of h(t). This channel model h(t) is practically stationary because
it only varies when emitter, receiver or objects in the room are moved by tens of centimeters.
In many applications, optical links are operated in the presence of intense infrared and visible
background light. The received background light adds shot noise, which is usually the limiting
noise source in a well-designed receiver. Due to its high intensity, this shot noise can be
modeled as white, Gaussian, and independent of x(t). When little or no ambient light is present,
the dominant noise source is receiver preamplifier noise, which is also signal-independent and
Gaussian (though often nonwhite) [8]. Thus, the noise n(t) is usually modeled as Gaussian and
signal-independent, and the instantaneous output current at the receiver can be represented
as
y ( t )= R x ( t ) Ä h ( t ) + n ( t )

(13)

where the “⊗” symbol denotes convolution and R is the detector responsivity (A/W). According
to (13), the optical link can be completely characterized by means of the impulse response h(t)
and noise sources n(t). Knowing h(t) allows us to determine the multipath penalty, which limits
the maximum baud rate. The second term is related to the signal-to-noise ratio (SNR), which
determines the performance of the digital link.
In order to evaluate the impulse response on indoor wireless optical channels, several
deterministic methods were first proposed [22]. However, these methods can only be imple‐
mented to determine the impulse response up to the third reflection due to their computational
complexity. Later on, modified Monte Carlo-based ray-tracing algorithms were introduced,
which present a lower computational cost and no limit to the number of reflections that can
be considered [29][30].
In these algorithms, ray directions are randomly generated according to the radiation pattern
from the emitter. The contribution of each ray from the source or after a bounce to the receiver
is computed deterministically. Consequently, the discretization error is due to the number of
random rays. The line-of-sight (LOS) and multiple-bounce impulse responses are considered
when calculating the total impulse response.
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The LOS contribution to the received optical power at a certain detector, illustrated in Fig.
11they
9(a), can be directly determined by using (9). In the case of non-imaging receivers, when
Multi-user visible light communication
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posed of multiple receiving elements. By using (14), the contribution of the ith ray emitted by
the mth LED (of the lth lamp) to the received power reaching each jth branch of the receiver
(

)

,m
during a certain time interval (pi,lj,k
, kth time interval) can be computed. The total received

power due to the lth LED lamp at the jth branch of the optical detector in the kth time interval
()

(

)

(width Δt) is computed as the sum of the power of the N j,kl = ∑ N j,kl ,m rays that contribute in
m

that interval
p(j l, )k = å m =1
M

å

N (j l,k,m )
i =1

pi(,l j, m, k)

(15)

At the receiver end, the impulse responses hj(l)(t) at all branches (j=1,..., P) due to the lth lamp
(l=1,..., L) are given by
h(j ) ( t ) = å k = 0 p(j ,)kd ( t - kΔt )
l

K -1

l

(16)

where K=tmax/Δt, and where we have assumed as the time origin the instant when the rays are
generated from the emitter (lamp). This process must be repeated in order to obtain the
different impulse responses between each emitter and each receiving branch in the multi-user
scenario.
Fig. 10 shows the power balance at the receiver plane for the imaging receiver (see parameters
for the study by referring to Table 1 and Table 2) when a blue filter is incorporated to enhance
modulation bandwidth. Fig. 11 presents the same study results when, in its place, a nonimaging receiver is used (see Table 2 for parameters of this receiver). In both results, five
reflections of light on walls have been considered, which ensures that at worst we are only
neglecting less than 1% of received power if a greater number of reflections were considered.
We can observe that the changes in power level when moving around the room are smoother
for an imaging-receiver, but, more importantly, a non-imaging receiver offers a power gain of
about 12 dB due to the use of the concentrator.
Fig. 12 and Fig. 13 show the impulse responses for imaging and non-imaging receivers,
respectively, when these are located at position 1, as indicated in Fig. 7(a). In the case of the
imaging receiver, we can observe a clear connection between image of Fig. 7(b) and the
obtained impulse responses. We can also verify that they are responses with a substantial LOS
component (more than 80% of the received power, in the blue region, is due to this factor), in
contrast with those at the non-imaging receiver, where multiple-bounce components, after the
first large impulse, are more noteworthy (in this second case, the LOS components represent
approximately 66% of the total received power). In spite of these components corresponding
to reflections on walls, we can observe in Fig. 13 that users 3 and 6 are overshadowed by users
2 and 5, respectively, i.e. the first ones are practically delayed replicas of smaller intensity of
the latter ones, which, as we will see, will limit maximum achievable joint data rates. This is
something that does not occur in the imaging receiver case.
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Figure 10. Power balance at the receiver plane for the imaging receiver (Pmin=-10.4 dBm; Pmax=-6.2 dBm; P̄=-7.4 dBm).

Figure 11. Power balance at the receiver plane for the non-imaging receiver (Pmin=2.2 dBm; Pmax=5.8 dBm; P̄=4.5 dBm).
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Figure 12. Impulse responses between transmitting users (lamps) and each receiving branch (pixel) for imaging receiv‐
er at position 1 (see Fig. 7(a)).

Figure 13. Impulse responses between transmitting users (lamps) and each receiving branch for non-imaging receiver
at position 1 (see Fig. 7(a)).
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Finally, we have determined the available signal-to-noise ratio (SNR) throughout the room at
the receiver plane. For that, we have considered the windows as planar Lambertian ambient
light (noise) sources with spectral radiant emittance Sw=0.2 W/(nm m2), as in [31]. The SNR is
expressed as [8]
SNR =

( R Ps )2

(17)

2
σtotal

where R is the detector responsivity, Ps is the average received signal power and σtotal is the
total noise variance, which is the sum of the contributions of shot and thermal noises
2
2
2
σtotal
= σshot
+ σthermal

(18)

In a well-designed receiver, and in the presence of intense background light, the shot noise15is
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termlight
in (18),
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2qR[8]
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(19)
(
)
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Fig. 14. Signal-to-noise ratio (SNR) throughout the room at the receiver plane.
Figure 14. Signal-to-noise ratio (SNR) throughout the room at the receiver plane.
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3. The MIMO-OFDM system
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Fig. 15 shows the block diagram of the MIMO-OFDM system for multi-user
communications over an indoor wireless optical channel. As we can see in the transmitter
structure, pbp(l) data bits are generated by lth user and modulated by using an appropriate
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-QAM (quadrature amplitude modulation) modulator, bp(l) being the number of bits
conveyed by the pth subcarrier (1 ≤ p ≤ SI), according to a rate adaptive algorithm [32][33].
Then, N – SI zeros are padded to this set of SI symbols generated by the modulators, the first

()

Multi-User Visible Light Communications
http://dx.doi.org/10.5772/59053

Figure 15. Multi-user MIMO-OFDM system for optical wireless communications.

3. The MIMO-OFDM system
Fig. 15 shows the block diagram of the MIMO-OFDM system for multi-user communications
over an indoor wireless optical channel. As we can see in the transmitter structure, Σpbp(l) data
b

(l )

bits are generated by lth user and modulated by using an appropriate 2 p -QAM (quadrature
amplitude modulation) modulator, bp(l) being the number of bits conveyed by the pth subcarrier
(1 ≤ p ≤ SI), according to a rate adaptive algorithm [32][33]. Then, N – SI zeros are padded to
this set of SI symbols generated by the modulators, the first zero being added before, corre‐
sponding to the direct-current (DC) value, and the remaining ones after. Finally, the complex
conjugate of the mirror of the word of N symbols is added before computing the IFFT. The
outgoing IFFT symbol is a real sequence of 2N points, which can be made non-negative by
adding an appropriate DC level. Moreover, a cyclic prefix (Ne-sample extension) is inserted to
combat inter-symbol interference (ISI), leading to a transmitted signal with a total of NS=2N
+Ne samples and duration TS. This positive and real signal can modulate the intensity of light
emitted by the optical source. Note that the cyclic extension prefix will be ISI-corrupted due
to the low-pass channel response and will be discarded at receiver. Next, the FFT of the
remaining 2N points will be computed at each receiving branch, and only the first SI points
(after the DC value) will be considered by the multi-user (MU) detector.
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As we have L transmitters and the receiver possesses P receiving branches, the optical channel
constitutes a MIMO system, whose individual impulse responses are given by (16). We can
consider that, after the FFT processing carried out by each branch of a new received OFDM
symbol, the P-branch detector array provides the MU detector with a vector of complex
symbolsxp at pth subcarrier. This is the superposition of the independently distorted signals
associated with the L users sharing the same space-frequency resource and also corrupted by
noise at the detector array elements
x p = H p sp + n p

(20)

where the vector xp ∈ ℂ P ×1 of received signals at the pth subcarrier, the vector sp ∈ ℂ L
transmitted signals and the array noise np ∈ ℂ

P ×1

×1

of

, respectively, are given by

(
s = (s
n = (n

x p = x1p , x2 p ,¼ , xPp

)
)
)

p

(1) (2)
( L)
p , sp ,¼ , sp

p

1 p , n2 p ,¼ , nPp

T

T

(21)

T

where ()T means the transpose of (), thus xp, sp and np are all column vectors. The frequency
domain channel transfer function factor matrix Hp ∈ ℂ P ×L is composed of the set of channel
transfer vectors Hp(l) ∈ ℂ P ×1, l=1,..., L of the L users

(

H p = H p(1) , H p(2) ,¼ , H p( L )

)

(22)

each of which hosts the frequency domain channel transfer factor between the single emitter
source associated with a particular user l and the receiving branches j=1,..., P at the pth subcarrier
band

(

(l)
H p( l ) = H1( lp) , H 2( lp) ,¼ , H Pp

)

T

(23)

with l=1,..., L. Note that the frequency domain channel transfer factors Hjp(l), ∀p between the
lth emitter and the jth receiving branch are obtained by computing the Fourier transform (12)
at the subcarrier frequency f=pf0 over the corresponding impulse response (16), where f0=1/T.
Here, T is the time duration of the part of the OFDM symbol which actually conveys infor‐
mation, i.e. the OFDM symbol duration excluding the cyclic prefix extension, T=2NTS/
NS=2NTS/(2N+Ne).
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3.1. Least squares error detector
Using a linear detector, an estimate ŝp ∈ ℂ L ×1 at the pth subcarrier band of the vector of
transmitted signals sp of L simultaneous users is generated by linearly combining the signals

received by P different receiving branches with the aid of a weight matrix Hp ∈ ℂ P ×L
sˆ p = WpH x p

(24)

where WpH denotes the complex conjugate matrix of matrix Wp. When least-squares (LS) error

detector is considered, also called zero-forcing (ZF) combiner, the weight matrix Wp,LS ∈ ℂ P ×L
is given by [34]
Wp ,LS = H p ( H pH H p )-1

(25)

By substituting the received signal’s model of (20) and the LS estimation based weight matrix
(25) into (24), we obtain
sˆ p ,LS = sp + WpH,LS np

(26)

which indicates that the LS-estimate ŝp,LS of the transmitted signal vector sp of L simultaneous
users is an unbiased noise-contaminated version of sp, so that E{ ŝp,LS }=sp. When using the LS
combiner, the lth user’s associated vector component of estimate (24) of the vector of transmitted
signals at the pth subcarrier can be expressed as
l)H
)
sˆp( l,LS
= Wp(,LS
xp

(27)

)H
∈ ℂ P ×1 coincides with the lth column vector
where the lth user’s associated weight vector W(lp,LS

of the matrix Wp,LS. The complex symbol that is most likely to have been transmitted by the lth
user can be determined by minimizing the Euclidean distance between estimate (27) of the
transmitted signal obtained at the lth user’s combiner output and all the constellation points
b

(l )

associated with the specific modulation scheme employed. This only requires M=2 p evalua‐
tions compared to the ML ones of the optimum maximum likelihood (ML) detector [34], and the
performance degradation is not significant [19].
3.2. Frequency-domain channel transfer factor matrix estimation
From (25) and (27), we can observe that the LS detector requires knowledge of the transfer
factor matrix Hp. The method described in [35], where TS known training sequences are used
to estimate the channel transfer function between a single user and the receiver, can be used
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to estimate matrix Hp, assuming that only one user is transmitting in a specific instant during
the training periods. If a certain known training sequence Xp is transmitted by the lth user over
the slowly time-varying wireless optical channel, the channel response of each sub-band Hjp(l)
for this user at the jth receiving branch can be estimated from the SI received symbols (Yjp(l)) as
follows
^( )
()
H jpl = Y jpl / X p

(28)

Note that Ĥjp(l) values are distorted by noise and therefore several training sequences should
be transmitted, and then the mean values of the estimates can be used to obtain a better channel
characterization. In fact, by using ten training sequences, the channel response estimation
given by (28) is very close to the actual channel response, and we will obtain a system
performance very similar to that of the ideal case when a perfect knowledge of the channel
response is available [35].
3.3. Rate adaptive algorithm
In this chapter, we will apply the rate adaptive algorithm described in [32]. Here, we will only
describe it briefly. Effective demodulation SNR can be computed at receiver as follows (Fig.
16): after each OFDM symbol demodulation, the retrieved data bits are modulated again and
the average SNR of received QAM symbols is computed, using outgoing QAM modulators
symbols as reference (we are assuming error-free transmission). The calculation of the lth user’s
effective demodulation SNR is given by
2

(l)

=
SNR eff s(pl ) / rp( l ) - s(pl )

2

(29)

where sp(l) and rp(l) are the lth user’s transmitted and received (before demodulation) data
symbols, respectively. From (29), it can be deduced that the effective SNR is an average of all
constituent data symbols (p=1,..., SI) of each received OFDM frame. The channel response
estimation and the mean effective demodulator SNR of each received OFDM symbol can be
used to determine the SNR at the pth subcarrier band as follows [32]

SNR (pl )

(

)

(

)

é HHH
êë p p
=
é HHH
êë p p

ù
úû[l,l ]
(l)
SNR eff'
-1
ù
úû[l,l ]
-1

(30)

The sub-band SNR value can be compared with switching levels for picking out the modulation
mode (including ‘no transmission’, i.e. bp(l)=0) that ensures the instantaneous bit error rate (BER)
always remains below a certain threshold [35]. In addition, disabled subcarriers, owing to their
low SNR values, must carry on sending dummy data so as to compute their current sub-band
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SNR by means of (30). These dummy symbols should be known a priori by receiver in order
to avoid an erroneous calculation of the effective demodulation SNR.
A further improvement can be made if subcarriers with higher SNR values between two
switching levels are prompted to use the next modulation mode, whenever the average error
probability does not exceed the imposed threshold [32]. Let bp(l) be the number of bits conveyed
by the pth subcarrier, and Pp(l) the bit error probability of the subcarrier when the modulation
mode 2

( )

b pl

-QAM is used by the lth user, thus the average error probability is given by
()

l
Pavg
=

S

(bp(l ), SNR(pl ))

I
1
(l ) (l )
Pp
( ) ∑ b
B l p =1 p

(31)

where B(l) is the total throughput of the lth user’s adaptive system: B(l)=Σpbp(l). The bit error
probability Pp(l)(bp(l),SNRp(l)) can be determined from the estimated signal-to-noise ratio of each
sub-band (SNRp(l)) given by (30) and the BER curves against SNR obtained over AWGN channel
[34][35]. Initially, the modulation modes of subcarriers are set to those that exceed the
switching levels for a certain target BER, and then the modulation modes are successively
increased for the ‘best subcarriers’ trying to enhance B(l), while ensuring that Pavg(l) does not
exceed the imposed BER threshold value [32].

Figure 16. Multi-user adaptive detector.

4. Results and discussion
In this section, we will consider two communication scenarios. The first is concerned with
jointly demodulating the information of all the users, which we will denote as joint detection,
and a second scenario in which, despite having a multi-user environment (several lamps
transmitting information simultaneously), the receiver is only concerned, at a specific receiver
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point, with the data corresponding to a particular user lamp, which we will refer to as singleuser detection.
4.1. Joint detection
In this section, we show the results obtained with an adaptive MIMO-OFDM system based on
LS detection, which can select the most appropriate modulation mode for each subcarrier from
the 5-ary group (‘no transmission’, BPSK, QPSK, 16-QAM, 64-QAM). The main parameters of
this adaptive MIMO-OFDM system are summarized in Table 3. In all the results presented
below, the number of subcarriers is N=64 (128-point FFT), but only SI=48 convey data (QAM
modulated). A cyclic prefix extension of Ne=8 samples was used and the transmission symbol
rate was 250 ksymbol/s, which leads to a maximum total system throughput of (Bmax × SI × L)/
TS bit/s (e.g. 432 Mbit/s for L=6 users –lamps– when every subcarrier is 64-QAM modulated).
This OFDM symbol extension (TS Ne/(2N+Ne) ≈ 235 ns) is large enough to compensate for ISI
in most of the non-LOS diffuse-link scenarios. The separation between subcarriers is Δf=f0 ≈
266 kHz, leading to a transmission bandwidth of approximately BT=SIΔf=12.75 MHz plus a
convenient out-of-band guard [35], which is extremely practical for typical optical WLED
devices. Finally, we used twenty training sequences to estimate (using the method described
in section 3.2) the frequency-domain channel transfer function factors of matrix Hp required
by LS detector to obtain the weight matrix (25).
Total number of subcarriers (N):

64

Number of information subcarriers (SI):

48

Available modulation modes:

(‘no transmission’, BPSK,QPSK, 16-QAM,
64-QAM)

Maximum number of bits per subcarrier (B max):

6 (64-QAM)

OFDM symbol period (TS):

4 μs

Cyclic prefix extension (Ne):

8

Maximum aggregate throughput:

432 Mbit/s

Number of training sequences (TS):

20

Table 3. Parameters of adaptive MIMO-OFDM system.

Fig. 17 and Fig. 18 show the system performance for imaging and non-imaging receivers,
respectively; when the information from each user (lamp) is jointly demodulated at a particular
position of the receiver. Fig. 17(a) presents the achievable average throughput (BPS, bits per
symbol) at every information subcarrier as a function of the average SNR at the receiving
branches (pixels), when three different target bit error rates (Pe) are sought and for the receiver
located at position 1 inside the room (see Fig. 7(a)). We can see how the BER is maintained
nearly constant around the specified target BER in all the cases until maximum achievable
throughput (6 BPS in all the subcarriers) is reached. From that point on, BER decreases rapidly
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Fig. 18 presents the same results as Fig. 17, but for a non-imaging receiver. In general, we
can see similar system performance behavior, although requiring much larger SNR values
(about 20 dB in performance degradation) to attain an identical objective. As before, we
observe how receiver position affects system performance (see Fig. 18(b)). However, the
larger field of view of a non-imaging receiver means position 2 (center of the room) is not so
advantageous compared to locating the receiver closer to the room corners.
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Fig. 18 presents the same results as Fig. 17, but for a non-imaging receiver. In general, we can
see similar system performance behavior, although requiring much larger SNR values (about
20 dB in performance degradation) to attain an identical objective. As before, we observe how
receiver position affects system performance (see Fig. 18(b)). However, the larger field of view
of a non-imaging receiver means position 2 (center of the room) is not so advantageous
compared to locating the receiver closer to the room corners.
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Additionally, the system performance degradation of a non-imaging receiver compared to
an imaging one is not so significant, except when the former is positioned in the center of
the room. This is because a non-imaging receiver does not provide as much diversity as an
imaging-based type. This is more noticeable at the center of the room where emissions from
lamps 2 and 5 can scarcely be distinguished, leading to the observed important SNR losses
experienced by a non-imaging detector at position 2. Fig. 19(b) also shows the single-user
performance in the center of the room when lamp 5 is „disabled‟ (the result shown by a pink
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Additionally, the system performance degradation of a non-imaging receiver compared to
an imaging one is not so significant, except when the former is positioned in the center of
the room. This is because a non-imaging receiver does not provide as much diversity as an
imaging-based type. This is more noticeable at the center of the room where emissions from
lamps 2 and 5 can scarcely be distinguished, leading to the observed important SNR losses
experienced by a non-imaging detector at position 2. Fig. 19(b) also shows the single-user
performance in the center of the room when lamp 5 is ‘disabled’ (the result shown by a
pink line), i.e. this lamp, although maintaining its functionality as an illumination device,
stops sending data information. In this situation, the single-user performance is enhanced
greatly, which demonstrates the problems of the non-imaging receiver to separate the
information coming simultaneously from lamps 2 and 5. However, the cost of this
performance improvement is the new maximum achievable aggregate throughput, since,
with only five active lamps, it falls to 360 Mbit/s (5 users × 6 bits/subcarrier symbol × 48
subcarriers/OFDM symbol × 250 ⋅ 103 OFDM symbols/second) as compared with the
maximum throughput of 430 Mbit/s when all six lamps were active. Therefore, it seems
evident that positioning the non-imaging receiver in the center of the room must be avoided
to prevent an excessive system performance penalty.

5. Conclusions
In this chapter, the use of multi-user LS detection in conjunction with angle-diversity imaging
and non-imaging receivers and adaptive OFDM modulation technique for visible light
communications has been evaluated. The indoor wireless visible-light channel model, which
can be determined by a Monte Carlo-based ray-tracing algorithm, has been described thor‐
oughly, detailing the main features associated with the different elements constituting this
kind of optical channel: white light-emitting diodes, reflective room surfaces and optical
receivers. This algorithm allows us to determine very accurately the impulse responses
between the WLEDs of the lamps and the optical angle-diversity detector, while considering
LOS and also not insignificant multiple-bounce reflection contributions to the received optical
power at the photodetector. This algorithm accuracy is essential to enable a more reliable
analysis of the proposed MIMO-OFDM performance.
A rate adaptive MIMO-OFDM scheme, based on a linear combination of the incoming
signals at its receiving branches and dynamic throughput adaptation to channel occupa‐
tion (number of users) and signal quality (SNR at each subcarrier for a specific user), has
been proposed for multi-user visible-light communications. The system performance for
imaging and non-imaging reception, and considering joint and single-user detection
scenarios, has been assessed. The results have shown that imaging receivers provide an
improved performance with SNR gains of about 20 dB with respect to non-imaging ones
when evaluating joint detection scenario, i.e. the former offer greater diversity in a VLC
environment. Additionally, for single-user detection only demodulating data coming from
a specific lamp, we find that although not so evident at positions closer to the room walls,
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non-imaging receivers present considerable performance degradation when moving into
the room’s central area. Therefore, it can be concluded from the previous results that, in
general terms, imaging receivers provide the best solution as an angle-diversity detection
method for multi-user visible light communications.
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1. Introduction
Luminescence is the emission of light that does not cause energy loss from the temperature of
the emitting material. The emission of light occurs because of an excitation in the material and
has different forms like photoluminescence, electroluminescence, thermoluminescence, etc.
Reasonable efficiency, high stability, and easy and economical fabrication methods make lightemitting devices a good choice for mass production.
This chapter focuses on the luminescent properties of low-dimensional nanostructures and
reviews the principles of luminescence. Different materials for this application and some of
the best-known electroluminescent devices are reviewed. In addition, low-dimensional
nanostructures, a simple method for preparing them, and the development of these structures
for application in light-emitting devices are briefly described.

2. Fundamentals of luminescence
In this part of the chapter, the basis of radiation from solids that produce visible light is
discussed. Luminescence is the emission of light by an excited substance. In order to create
an emission, an electron needs to be excited from the ground state (E1). During transition
of the electron from the excited (E2) to the ground state, a photon is released. In order to
start this transition, we need to stimulate the electron in the excited state. This process is
shown in Figure 1:

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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Figure 1. Transition of an electron from excited (E2) to ground (E1) state in a double-state system that results in the
Figure 1: Transition of an electron from excited (E2) to ground (E1) state in a double-state
release of a photon.
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When an electron is promoted from the valance band to the conduction band, a hole will remain
in the valance band [1].
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If a semiconductor absorbs the electromagnetic radiation of a photon, an electron in the valance
band can be excited to the conduction band. When the excited electron returns to a lower state,
it causes the radiation of a photon in a process called photoluminescence (PL). When electrical
potential is applied, the conversion of energy from electrical energy into light emission is called
electroluminescence and the device that produces it is called a light-emitting diode (LED). Due
to the narrow nature of the bandgap in elemental semiconductors, they are not suitable
candidates for LEDs. Instead, other semiconductors with wide bandgaps are frequently used
for this application. The term ‘wide bandgap semiconductors’ describes those that exhibit light
in the visible part of the light spectrum and in the shorter wavelengths of ultraviolet.
Compound semiconductors from group III-V (such as III-nitrides), group II-VI (such as oxides
and chalcogenides) are the most important types of wide bandgap semiconductors, although
other semiconductors like SiC, Si, and Ge are also studied for light-emitting devices. Figure
2 shows some of the semiconductors that have been used for light-emitting devices. The
materials with small lattice constants have stronger interatomic forces and their outer electrons
are strongly bound to the lattice, which means that such materials have a large bandgap energy.
By changing the structure and doping, many colors can be provided for LED applications.
While the infra-red and red LEDs have been studied for 40 years, bright blue, violet, and UV
LEDs have been the subjects of research studies in more recent years.
Even more recently, light-emitting devices based on polymer materials have been investigated.
In the next section, polymer and organic light-emitting devices are discussed briefly.
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Figure 2. A selection of semiconductors for light-emitting devices. The area between 2 and 3eV are distinguished for
visible wavelengths.

3. Light-emitting devices
In this section, different types of light-emitting devices and their working principles are
summarized; they are grouped based on the type of material that is applied to create the light
emission.
3.1. Emission from inorganic semiconductors
To provide LEDs with different colors, III-V and II-VI materials like GaAlAs, AlinGaP, InGaN,
AlN, ZnO, and ZnSe are typically used. The p-n junction is situated between two electrodes,
at least one of which should be transparent. Industrial LED applications are highly focused on
white color as a light source and as backlighting for electronic devices. New types of LEDs
with white color have been developed by mixing luminescent materials in three red-greenblue (RGB) colors. There are two common methods for the generation of white color in LED
devices.
The first method uses an individual combination of red, blue, and green LEDs to mix the
provided colors and produce the white color shown in Figure 3a, while the second is a
combination of different phosphorous materials to generate the white color shown in Figure 3b.
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Figure 3. Mechanism of providing light-emitting diode with white color (a) Combination of three red-green-blue
(RGB) LEDs (b) Mixing of different luminescent materials to generate the white color.

3.2. Emission from small organic molecules
The first emitting organic material was observed by Pope et. al [2] and led researchers to
investigate organic materials as light-emitting devices [3-6]. The working principles of these
devices are similar to normal LEDs with the difference that an organic compound is used as
an emissive layer. Such devices are called OLEDs (organic light-emitting diodes). A typical
OLED consists of at least one emissive layer and one conductive layer which are deposited
between two electrodes (anode and cathode). Like semiconductors, these organic materials
show other conductivity characteristics under an electrical field between two electrodes.
Analogous to p-n junction semiconductors, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) are regarded as the valance and conduction
bands, respectively, of inorganic semiconductors [7].
Figure 4 shows the basic schematic structure of an OLED, which can also consist of an electron
transport layer and hole transport layer. At the first stages of the fabrication of OLEDs by
Philips, the devices consisted of simple structures of poly(dialkoxy-p-phenylenvinylene)
(dialkoxy–PPV) that were situated between a metallic electrode and tin-doped indium oxide
(ITO) as the transparent conductive layer [8]. Glass is extensively used as a substrate to
fabricate this type of LED, while polyethylene terephthalate (PET) can also be used for
fabrication of flexible devices [9, 10].
There has been extensive effort to fabricate OLEDs with primary colors that involved studying
different organic materials. H. Fukagawa et. al. [11] reported highly efficient red phosphores‐
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Figure 4. The basic schematic structure of an OLED consist of electrodes (cathode and anode), organic luminescence
layer, and transparent conductive material.

cent OLEDs fabricated using platinum complexes as dopants, but most of the studies were
performed using iridium complexes and proposed novel complexes of platinum and a useful
host/dopant combination. Many host/dopant combinations have been investigated in an effort
to provide red OLEDs that show high stability. The optimized device exhibited good color
saturation and high efficiency as well as working with low driving voltage. The lifetime of the
fabricated devices was estimated to be approximately 10,000 hours.
Green OLEDs with high efficiency, using copper complexes, were reported by S. Igawa et. al.
[12]. The copper complexes are an inexpensive emissive choice and exhibit substantial thermal
stability compared to other rare earth metals. They exhibit strong green emission at room
temperature with a wavelength in the range of 523-544 nm. A conventional OLED structure
containing electron and hole transform layers, polymer complex, and electrodes shows the
bright green emission with quantum efficiencies between 11.9% and 17.7%.
The complexes that can provide blue colors are more attractive than the red and green
complexes for application in OLEDs because of their short wavelength emission. Several
organic emissive materials have been used in blue OLEDs. A novel benzofuropyridine
complex was synthesized by Chil Won Lee et. al. [13]. These OLEDs were fabricated with two
different methods of spin-coating and a vacuum-based route. Both devices exhibited an
emission peak at 486 nm, with a strong shoulder peak at 493 nm also observed due to the
thickness of prepared thin films. They achieved high quantum efficiencies between 18.0% and
25.0%, but they did not report the lifetime of their fabricated devices.
By mixing these three main colors, white color can be created with OLEDs. The pioneer
research study for these LEDs was initiated by Kido et al. [14] by mixing three dyes (blue, green
and orange) into the emissive layer to obtain the white color.
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3.3. Emission from large polymer molecules
In addition to small organic molecules, polymers can also be used as an electroluminescent
material. Due to the variety of polymer molecules, there is great variability in the emission
wavelength of polymer light-emitting diodes (PLEDs) [15-17]. Most of the conjugated poly‐
mers are soluble in water-based solutions and therefore can be deposited with wet chemical
coating methods like dip-coating, spin-coating, and printing, which makes them highly
suitable for the fabrication of devices on big substrates [18]. Additionally, by using flexible
substrates, flexible devices like displays can be created. However, because of the degradation
of the polymers by oxygen, such devices should be encapsulated and therefore have shorter
lifetimes compared to inorganic LEDs.
A lot of research has been done to increase the stability of PLEDs [19-20]. A. Berntsen et al. [19]
improved the stability of polymer LEDs operating at daylight under ambient conditions. The
lifetime about 5000 hours is obtained and under higher temperatures (70ºC), they have one
tenth of this time. Y. Cao et al. [21] applied an ultra-thin alkaline earth metal as electrodes for
PLEDs and increased their stability and invented this method to increase operating life of
PLEDs in which the decay of efficiency and light output is substantially postponed.
Due to the diversity of organic materials, PLEDs can also create different colors from blue to
red in visible wavelengths. Several polymer emitters can provide the three primary colors. The
common approaches to fabricate the white light OLEDs include doping with small fluorescent
or phosphorescent combinations, polymer blending, fabrication of devices with multiple
emissive layers, and synthesize a single polymer that can provide the white color [22]. In [22],
the authors reported new design techniques for high performance white PLEDs. So far the
external quantum efficiency more than 20% has been obtained for these devices and the total
power efficiency more than 80 lm/W has been achieved. By improving and increasing the
lifetime of these structures, they can be used as energy-saving light sources (for general light,
because of low energy consumption), back light for electronic devices (because of low
thickness), and flat or flexible displays.
3.4. Emission from phosphor particles
Theoretically, the electroluminescence (EL) from phosphor materials is classified into two
groups: injection EL and high field EL. The high-field EL can be further grouped into different
types in terms of the phosphors (powders vs. thin film) and the voltage (DC vs. AC). Due to
the requirements for various applications, injection EL (high intensity lighting-emitting diodes
(LEDs), for example,) have a wide application in liquid crystal displays (LCDs) backlighting
and are entering the lighting market.
Luminescence is the emission of lights that does not derive energy from the heating of emitting
material. Reasonable efficiency, high stability, and an easy and economical fabrication method
make these devices a good choice for mass production. Electroluminescent lamps can be made
by sandwiching a phosphor material between two conductive electrodes. At least one of these
electrodes should be transparent (TCOs like ITO, FTO or AZO layer). An EL lamp consists of
phosphor material; Dielectric layer (e.g. barium titanate with a high dielectric constant to
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increase the electrical field between the electrodes); Conductive layers (e.g. ITO as transparent
layer and silver coating as back contact); Barrier layer to keep phosphor from moisture, and
dust. A schematic structure on an EL lamp is shown in Figure (5).

Figure 5. Structure of EL lamp.

By applying a high electrical field (provided with an AC voltage through the conductive
electrodes) over the phosphor particles, the electrons will be trapped in the interface layer and
will be tunneled to the conduction band of the phosphor layer. The accelerated electrons by
electrical field (with enough kinetic energies) excite the impurities from the ground state to
excited state. When the electrons come back to their ground state, light is emitted. For this
purpose, the electrons must be able to localize in the ground state; otherwise, having a high
electric field, they do not emit light. The phosphor material for application in EL devices should
be an insulator and contain impurities. It also has to be transparent for the emitted wavelength.
Zinc sulfide is one the most important candidates for phosphor material that have been doped
with different chemical elements like magnesium, manganese, copper, or vanadium to provide
a different range of colors. Due to the simple structure, they can be used for applications in
back-lighting but are still not useful for general light applications.

4. Low dimensional nanostructures
Many physical and chemical properties of materials can be changed effectively by controlling
the size of materials between 1 and 100 nm. In such nanostructures, the finite size can generate
novel optical, electrical, or magnetic properties that cannot be observed in bulk materials. In
other words, the atoms of material on the surface show different properties and therefore by
decreasing the dimensions of a material, the high surface-to-volume ratio enables them to
exhibit new properties.
Nowadays, semiconducting nanostructures have been the subject of great interest due to their
unique optical properties. With more investigation and development into such structures,
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many optoelectronics devices have been produced. Materials with a large surface area-tovolume ratio can be a good candidate in optoelectronics applications. Applications of devices
based on optical properties can include lasers, solar cells, optical detectors and sensors,
displays, photo-catalysis, imaging and phosphor devices [23-30].
Various methods have been used for the fabrication of nanostructures, like molecular beam
epitaxy (MBE) [31,32], sol-gel [33,34], chemical vapor deposition (CVD) [35,36], lithography
[37,38], physical vapor deposition (PVD) [39], and chemical methods [40-41]. Among these
methods, the low cost and high efficiency technologies have attracted more attention.
In this section, we present a low-cost and industrial method to obtain such nanostructures with
a chemical vapor deposition method by an electrical furnace. In addition, their structural and
optical properties are studied. So far, a large number of methods have been used to synthesize
wide bandgap semiconductors. Some of the currently used methods have problems regarding
high temperature, high vacuum conditions, the necessity of using expensive equipment, and
difficulties with quality or commercialization. The focus of this chapter is on development of
a low-cost method for producing high quality nanostructures with regard to facilities and
experimental conditions.
This method is based on the evaporation of source materials in the hot-zone of a horizontal
electrical furnace, reacting with an active gas and finally transporting on the substrates in coldzone of the furnace using a carrier gas. Despite the simplicity of this method, there are a lot of
parameters that can affect a growth mechanism. Among these parameters, the effects of growth
conditions such as synthesis temperature, temperature rate, amount of carrier and active gases,
source chemical materials, and impurities on the structural properties of these nanostructures
are studied.
The variation of these parameters leads us to the systematic modification of one and two
dimensional (1D & 2D) nanostructures such as nanowires, nanorods, nanosaws, nanoden‐
drites, nanobelts, and nanosheets. Reasonable emissions of these structures in the blue-green,
violet, and ultra-violet (UV) wavelengths can lead us to produce light emitting devices. Also
the effect of structural properties and impurities are investigated.
A horizontal furnace is used in this experiment, which is divided into two independent zones:
zones (a) and (b), called the hot and cold zones, respectively. Active and carrier gases are
introduced through the tube on one side in order to produce the active gas system and carry
them to the cold zone of the furnace. The other side of the chamber is evacuated using a vacuum
pump. Source materials with the desired molar ratio are inserted into the center of the hot
zone. The substrates can be placed at different distances from the source material in the cold
zone. Before increasing the temperature, the chamber is flashed with inactive gases (like argon)
to remove the residual oxygen from the air. The temperature of the hot zone is increased to,
and kept at, different temperatures for various durations. Finally, a thin layer of synthesized
material is deposited on the substrates in the cold zone. The distance between the source
material and the substrates and also the temperature of the substrates are two important
parameters that should be controlled during the deposition. The schematic setup of this
furnace with a quartz tube is shown in Figure 6.
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Figure 6. The schematic setup for production of low dimensional nanostructures as light emission material.

5. Luminescence from low dimensional materials
Low dimensional materials attract more interest these days for applications as opto-electronic
devices. They have a high surface-to-volume ratio compared to bulk materials and it causes
them to show unique properties. When we talk about the low dimensional materials, they can
be categorized as: two-dimensional (2-D) like thin films and quantum wells, one-dimensional
(1-D) like nanowires, nanorods or quantum wires, and zero dimensional nanostructures (0-D)
like quantum dots. Each category shows interesting optical properties [42]. The emission
behavior of such nanomaterials is much more complicated than the bulk materials.
The optical properties of nanomaterials depend on many parameters like dimensions, size,
shape, temperature, and other variables like dopants and impurities. Even surface character‐
istics and the surrounding atmosphere have a strong effect on optical properties of these
materials. So by controlling these properties, one can generate optical devices covering the
whole visible and UV regions of the optical spectrum. The red-shift or blue-shift of photolu‐
minescence spectra of semiconductor nanoparticles is one the most famous examples of
changes in optical properties of the materials. In semiconductors, size is the most important
parameter to affect the optical properties.
A. Wolcott et. al [43] studied the optical properties of CdTe quantum dots and the results showed
different emission colors from CdTe quantum dots. The emission of different colors changes
for the particles with different sizes. Increasing the size of the nanoparticles (that were obtained
by changing the refluxing time) causes the emitted light to change from blue to red. Also A.M.
Schwartzberg showed different colors emitted by hollow gold nanospheres. By varying the
diameters and wall thickness, the samples produce different colors from red to violet [44].
Two kinds of wide bandgap semiconductors, such as zinc oxide (ZnO) and aluminum nitride
(AlN), are the main subject of this chapter. These nanostructured wide bandgap semiconduc‐
tors show good light emitting properties in blue-green, violet and ultraviolet (UV) wave‐
lengths. As we discussed in the last section, by controlling the growth condition in this method,
we can have different nanostructures with various sizes, dimensions, defects, shapes, dopants
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and crystallinities. Changes of the surface-to-volume ratio with size and quantum confinement
effects cause dependency of the optical properties on the size and dimension.
ZnO is a wide bandgap semiconductor with a direct bandgap of about 3.2 eV at room temper‐
ature. Because of the unique optical properties, this material has been used as a suitable
semiconductor for different optical devices like UV light emitters, lasers, and detectors. Because
of the wide range of synthesis methods, ZnO can be grown in different shapes and structures
like one or two-dimensional nanostructures. Structure and doping are two important parame‐
ters that have a strong effect on optical properties of this material. One of the major aspects of
growth of ZnO is doping of it with different metals to approach an n-type semiconductor.

Figure 7. ZnO nanostructures with different shapes to study the effect of shape and size on luminescenct properties
(Reprinted from [45] with permission from Elsevier).
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In the previous work [45] by changing the growth condition, we prepared different ZnO
nanostructures. Nanowires with diameters of 20±5 nm are observed in Figure 7(a). In addition,
as the amount of oxygen in the carrier gas mixture increases, the nanostructures change from
wire structures to nanorods as shown in Figure 7(b). Figures 7(c–e) show the 2D ZnO nanobelts
(with a typical width in the range of 100 to 200 nm), nanodendrites, and nanosheets (typically
10–20 nm in thickness and 1–2 μm in width), respectively, grown on the Si substrate.
After the excitation of an electron with an external energy, electrons and holes possess higher
energies and they will recombine together and form an exciton which has a lower energy state.
The released energy from this recombination can result in the emission of photons or Auger
electrons [7]. In photoluminescence, the recombination of electron and hole cause the radiation
of a photon. In semiconductors, these radiations may result from the near band emission
transitions and from the defects in the structures.
To explain this fact, we will return to the PL emission from the nanostructures in Figure 7.
Figure (8) shows the photoluminescence spectra of the crystalline structure at the related spots.
Three main peaks are observed. In addition to an emission in the UV region (λ=380 nm), broad
visible emission is observed with two main peaks at ~485 and ~530 nm. The origin of UV
emission is radiation because of the recombination of electrons near or in the conduction band
with a hole near or in the valance band, which is called near band emission. Due to the bandgap
of ZnO (3.37 eV at room temperature), this emission is in the ranges of UV wavelengths. The
visible emission from the ZnO nanostructures has been investigated in many studies [46] and
this green luminescence in ZnO was attributed to oxygen vacancy, zinc vacancies, interstitial
oxygen and zinc atoms, substitution of oxygen at zinc atom positions and donor-acceptor
complexes.
The intensity of emissions is dependent on the nanostructure’s size. The UV emission was
stronger than the visible emission for samples with larger ones. Below a certain size, the
luminescent properties of ZnO nanostructures should be dominated by the properties of the
surface. An enhanced deep-level emission for thinner nanostructures has been observed and
attributed to their larger surface area. As we discussed, the green light emission intensity
progressively increases, in proportion to the UV emission, as the nanostructure dimensions
decreases. This suggests that there are a large number of oxygen vacancies in the nanowires.
Generally, the defects are present at the surface of the ZnO structure. ZnO nanowires with a
small diameter have a higher surface area-to-volume ratio, which results in a high level of
surface defects. Therefore the visible emission intensity increases.
The effect of doping was also investigated on luminescence properties of ZnO nanostrustures.
The ZnO nanostructures grown by this method are doped by only a few percent of copper and
iron as the details are discussed in [45]. The photoluminescence from ZnO:Cu can generally
be similar to pure ZnO nanostructures underlying physical mechanisms as free and defectbound excitons, deep and shallow donor–acceptor pair recombinations, and deep-defect
associated emissions. A low-intensity shoulder peak at about 455 nm has also been observed
as shown in Fig. 9(a).
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Figure 8. Photoluminescence spectra of ZnO nanostructure with different shapes and sizes (Reprinted from [45] with
permission from Elsevier).

The recombination of donor–acceptor pairs involving Zn2+and Cu+states is known to yield a
blue-green emission. This recombination is responsible for the increased defect luminescence
in the ZnO nanostructure. The peak centered at 455 nm can be attributed to Cu2+–Cu+transitions
where the hole remains localized on the Cu+center [47,48]. In the case of the introduction of
iron as a dopant, the UV emission band of ZnO has a red shift (from 385 to 485 nm) as well as
the green emission band showing a red shift (from 530 to 542 nm) as shown in Fig. 9(b).

Figure 9. Photoluminescence spectra of ZnO nanostructure with a few percent of (a) copper (b) iron as dopant (Re‐
printed from [45] with permission from Elsevier).
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III-nitrides are also interesting materials for application as light emitting materials. As another
wide bandgap semiconductor, AlN, with a bandgap of about 6.1 eV at room temperature, will
be introduced. AlN is a direct bandgap semiconductor with a bandgap of about 6.1 eV at room
temperature, the largest among semiconductors. Thus, AlN emitters are expected to be good
candidates for ultraviolet and blue-violet optoelectronics devices [49]. This work emphasizes
novel results on the growth and optical properties of an aluminium nitride (AlN) nanostruc‐
ture by direct nitridation. The nitridation process was done in a horizontal tube furnace at
different temperatures by introducing an N2 gas flow. Most of the last efforts for synthesizing
AlN nanostructures [50, 51] are performed using ammonia gas as this gas is toxic and corrosive.
Among the synthesis methods for AlN nanowires, the direct nitridation of metallic aluminium
powder has been attractive because of the low cost of raw materials and the simple nitridation
setup. At the beginning of growth, the reaction temperature is higher than the aluminium
melting point, so the Al is in liquid form. These liquid droplets cause the aggregation of
obtaining nanostructures into spherical islands. However, we have overcome this problem by
using ammonium chloride (NH4Cl). The addition of NH4Cl to the starting Al powder produced
many pores because of the decomposition of NH4Cl [52-54]. Therefore, the introduction of
porosity during the synthesis can enhance the nitridation rate because N2 gas easily has more
access to the pores, which causes the formation of nanostructures AlN powders with low
agglomeration. Different AlN nanostructures (Figure (10)) were synthesized and analyzed by
scanning electron microscope.

(a)

(b)

(c)

(d)
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The photoluminescence (PL) spectra were obtained by a 325nm He-Cd laser as the excitation
source measured. The results show high intensity light emitting emissions in blue and violetblue wavelengths for these structures at room temperature. As shown in Fig (11), a typical PL
spectrum of these nanostructures shows a peak at 450 nm. Photoluminescence properties of
these structures are investigated aiming at the potential application in the field of blue and
violet-blue light emitting diodes (LEDs) [55].

Figure 11. Photoluminescence spectra of AlN nanostructure which shows a broad peak at 450 nm.

6. Conclusions
This chapter was focused on light emitting materials and devices. The working principles of
light emitting devices are discussed and different materials for this application are introduced.
Different types of light emitting devices, including inorganic light emitting diodes (LEDs),
organic light emitting diodes (OLEDs), polymer light emitting diodes (PLEDs), and electro‐
luminescence (EL) lamps are compared.
Different types of the inorganic semiconductors from group III-V (such as GaN, AlN), group
II-VI (such as ZnO, ZnS) are the most important wide bandgap semiconductors, for lightemitting devices. In addition, several organic and polymer complexes that can provide the
main three colors have been used in OLED and PLED deives. Due to the wide applications of
white color LEDs, different methods and different studies for fabrication of these devices are
discussed. Stability of light emitting devices is one the most concerns of the providers. A lot
of research has been done to increase the stability of these structures under ambient conditions.
The lifetime about several thousand hours is obtained. Electroluminescent lamps are other

Light-Emitting Devices – Luminescence from Low-Dimensional Nanostructures
http://dx.doi.org/10.5772/59103

applications of light emissive materials. Luminescence is the emission of lights that does not
derive energy from the heating of emitting material. Therefore due to their efficiency and high
stability, these devices are good choices for mass production.
A simple chemical method based on vapor transport is applied for fabrication of semiconduc‐
tor nanostructures. Nanostructures with different shapes and structures offer several advan‐
tages for light emitting devices and are receiving increasing attention as a light emissive
material to improve the efficiency of the optical devices. These structures could be developed
to overcome the problems for fabrication of UV and blue-violet light emitting devices.
ZnO is a wide bandgap semiconductor which because of the unique optical properties, has
been used as a useful semiconductor for the optical devices like light emitters, lasers, and
optical detectors. Because of the wide range of synthesis methods, it can be grown in different
shapes and structures from one-dimensional structures like nanowires and nanorods to two
dimensional nanostructures like nanosheets and nanodendrites. AlN with a direct bandgap
semiconductor of 6.1 eV at room temperature, the largest among semiconductors, is one the
most applicable semiconductors for application in light emitting device and the AlN nano‐
structures with different shapes and sizes are expected to be good candidates for optoelec‐
tronics devices. ZnO and AlN nanostructures are synthesized using a chemical vapor
condensation method and their luminescent properties are investigated at roon temperature.
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1. Introduction
Recently, there is a very strong interest towards the miniaturization of optical and electrical
components with faster and more efficient performance which has incorporated new capabil‐
ities in various aspects including high-speed telecommunication systems [1]. Optical commu‐
nication technology has greatly developed during recent years that affect all areas of the
modern telecommunication systems. Photodetectors along with optical sources and fibers are
regarded as integral part of all optical fiber communication systems [2]. The high bandwidth
and/or the gain of photodetectors with the wavelength in the near-infrared region (0.8 to 1.6
μm) are quite important because of their ideal commercial and industrial usage in optical fiber
communication systems. The photodetectors are known as optoelectronic devices that can
convert the absorbed optical energy into electrical energy which usually appears as a photo‐
current that can be used by telephone systems, computers, or other terminals at transmitting
and receiving part of the communication systems [3]. There are many types of photodetectors
depending on their application in optical communication systems, imaging systems, and so
on. The sensitivity of detectors varies through different optical spectra, such as the infrared
and ultraviolet. Semiconductor detectors are commonly used in optical fiber communication
systems because they rely on internal photoelectric effect but there is no photoemission effect.
They either work in photovoltaic mode as solar cells or in photoconductive mode as revers
biased photodetectors [4]. Metal-semiconductor-metal photodetectors (MSM-PDs), positiveintrinsic-negative (pin) photodetectors, avalanche photodiodes and heterojunction PDs as
solid state semiconductor devices are most widely used in high-speed optical communication
systems. The MSM-PDs are attractive devices compared with other photodetector structures,
for their remarkable high sensitivity-bandwidth product, ease of fabrication and ease of
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integration with other components into monolithic receiver circuits. The MSM-PD consists of
two identical Schottky contacts with interdigitated electrode configuration on top of an
undoped semiconductor substrate, one of the contacts being forward and the other reverse
biased. With fabrication of interdigitated electrodes the closely spaced fingers provide smaller
transit time for the carriers as well as allowing a larger photo-absorption area for the device
[5, 6]. The two Schottky barriers associated with the presence of contacts block current flow
from the metal to the semiconductor which is the cause for the extremely low dark current
observed in MSM-PDs. One important feature of the MSM photodetector is its low capacitance
compared with a pin photodetector, (with an intrinsic region (i.e., undoped semiconductor)
in between the n-and p-type semiconductors). The capacitance of a MSM photodetector with
interdigitated electrodes is always smaller than that of a pin photodetector of equal light
sensitive area and leads to very high-performance operation.
High speed photodetection manifests an exciting new paradigm for modern telecommunica‐
tion systems. Advanced or modern optical systems, i.e., the ultrahigh-speed optical telecom‐
munication systems, such as any typical fiber optic communication system consist of a
transmitter, a data transmission media or channel (usually optical fiber, waveguide, and free
space air-gap), and a receiver (pin photodiodes and photodetectors). The major part of the
optical transmitter is a light source (laser or light-emitting diode (LED)), whose function is to
convert an information signal from its electrical form into light. The photodetectors as an
important part of receiver are used to convert an optical information signal back into an
electrical signal. For higher speed and broader bandwidth applications in optical communi‐
cations and interconnects, high-performance optical receivers are required and the MSM
photodetector as the heart of optical receiver has many advantages such as wide bandwidth
and low capacitance. MSM-PDs are promising candidates in optoelectronic integrated circuits.
Also they have fast time response and very low dark current, as compared with other types of
photodetectors.
The new field of plasmonics has received particular attention due to unique optical features
of nano scale architectures in noble metals particularly silver and gold. The coherent oscilla‐
tions of electrons as surface plasmons are strongly localized in the nanoscale at the metaldielectric interface, and metal nanoparticles. When the losses are small enough, the surface
plasmon resonances can occur. The metals with good quality for plasmonic applications
should satisfy two properties such as ε'm<-1, and ε''m<<|ε'm|, where ε'm, and ε''m are real and
imaginary parts of metal dielectric permittivity, respectively [7].
Dielectric and magnetic properties of the noble metals with nano-textured structure can easily
be determined by implementation of Lorentz-Drude model [8]. Below plasma frequency, the
good conductors like silver (Ag) and gold (Au) have negative values for the real part of complex
dielectric constant. Therefore, it is necessary to define an appropriate model to specify the
dielectric properties of the materials. A complex dielectric function for some metals and surface
plasmas which have good agreement with the experimentally measured results can be
expressed in the following form [9]:
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e r (w ) = e rf (w ) + e rb (w )

(1)

where, the term εr(ω) is the complex dielectric function for metals, εrf(ω) is referred to as free
electron effects, and εrb(ω) is associated with bound electron effects. This model takes both the
intraband, εrf(ω), and interband, εrb(ω), effects into the account for simulations. The former,
Drude model, can describe the transport properties of electrons in good conductors and the
later, Lorentz model, is a semi-quantum model describing bound electron effects. The Drude
and Lorentz model in frequency domain can be written in the following form of (2) and (3),
respectively.

e rf (w ) = 1 +

e rb (w ) =

W 2p

(2)

iwG 0 - w 2

G mwp

2

M

å

2
m = 1 wm

(3)

- w 2 + iwG m

where, Ωp=G01/2ωp is the plasma frequency associated with intraband transitions with
oscillator strength G0 and damping constant Γ0, while m is the number of oscillators with
frequency ωm and 1/Γm is the oscillator lifetime [10]. The following equation accounts for
the complex index of refraction and dielectric constant of materials and can be represent‐
ed as a combined form [11]:
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where,εr,∞ is the relative permittivity at infinite frequency, Gm is the strength of each resonance
term, Ωm is the plasma frequency, ωm is the resonant frequency, and Γm is the damping factor
or the collision frequency.
The frequency dependent Gold dielectric permittivity is complex and is obtained from
Lorentz-Drude model, εm=ε′m+iε′′m. It consists of a large negative real part ε′m and a small
positive imaginary part ε′′m responsible for light absorption. The letter i is an imaginary unity.
Gold dielectric constant varies for different frequency ranges.
For our simulation of plasmonic-base MSM-PD, the Lorentz-Drude model for gold is solved
with 6 resonant frequencies (multi-pole dispersion). The simulation is performed over a
constant plasma frequency which depends on the density of charge carriers with the amount
of 0.137188E+17. The resonant frequency changes according to the resonance strength. The
Lorentz-Drude material parameters are listed in the following Table-I.
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Term

Strength

Resonant Frequency

Damping Frequency

0

0.7600

0.000000E+00

0.805202E+14

1

0.0240

0.630488E+15

0.366139E+15

2

0.0100

0.126098E+16

0.524141E+15

3

0.0710

0.451065E+16

0.132175E+16

4

0.6010

0.653885E+16

0.378901E+16

5

4.3840

0.202364E+17

0.336362E+16

Table 1. Lorentz-Drude parameters for gold (measured in radians per second).

Investigation on the optical properties of the nano-structures is crucial for the design of optical
devices. Next generation information and communication technologies are under direct
influence of nano-plasmonic devices because of their unique properties that hold promise for
potential applications in various fields of technology, properties such as overcoming the
diffraction limit, efficiency in confinement of light at subwavelength scale, and ultrahigh speed
signal transport with the same order as the speed of light make them vigorous devices.

Figure 1. The dispersion relation of non-radiative SPs on the right of the light line and dispersion relation of radiative
SPs on the left of the light line.

There has been a considerable and growing interest to clarify all phenomena corresponding
to the improvement in light absorption via nano-scale structuring recently [12-15]. Over the
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decade, an interesting effect of light interacting with metallic structures has been revealed. For
sufficiently small nano-grating period, higher order diffractions are suppressed and only the
zero order diffraction is present. The main motivation is to come up with a practical method
to avoid the undesirable light reflection from the surface of the electrodes and enhance the
light transmission efficiency through the subwavelength aperture.
It is useful to describe the SP dispersion relation as shown in Fig. 1. To have propagating bound
SPs, the wave vector component must be real along the interface. Any light cannot be used for
SP generation, because the real part of the wave vector in the z-direction exceeds that of free
light (ω=ck) as shown in Fig. 1 and a coupling mechanism is required. In the presence of a
transverse magnetic (TM) polarized light, the SPs exist along a metal-dielectric interface. There
are several techniques to excite the SP waves, such as prism coupling and grating coupling.
For the case of semiconductors, prism coupling is not very much advantageous. The attention
should be paid to prism refractive index which is hardly higher than popular semiconductors
used for corresponding researches [16, 17].

2. Nano-gratings structures and operation principles
The metallic nano-gratings can exhibit absorption anomalies. One of these particularly
remarkable anomalies is the surface plasmon polariton (SPP) excitations and is observed for
p-polarized light only. The incident light illuminated on top of the one dimensional metallic
nano-gratings and subwavelength slits is converted into the propagating SPPs that can absorb
the light efficiently in extremely thin (10-nm to more than 100-nm’s thick) layers. The coupling
of light to the structure in the form of the SPPs is obtained with the utility of periodicity. There
are two mechanisms to produce the transmission of light in one-dimensional (1-D) metal nanogratings with narrow slits which are the excitation of horizontal and vertical surface resonances
however there is not always a clear distinction between these two ways of transferring light
from the upper surface to the lower one and that their existence strongly depends on the
gratings geometry. The horizontal surface resonances are cavity modes excited by the periodic
structure of the nano-gratings at the grating’s interfaces. Two vertical resonances existing on
the slit walls can compose a fundamental waveguide mode which satisfies the Fabry-Perot
condition and reflects repeatedly from both ends of the slit. Therefore, the vertical surface
resonances have relations with Fabry–Perot resonances of the fundamental TM guided wave
in the slits [18], and the guided modes can be excited along vertical direction, evanescent
coupling mechanism accounts for this activation [19]. The responsibility of these two effects
on extraordinary optical transmission (EOT) is still under debate. However, it is indicated that
both mechanisms are important in the EOT [20].
Nowadays, it is clear that the real metals play a very important role in EOT, because their effect
is essential for the SP excitation. The condition for the existence of the SP on a ﬂat air-metal
interface, ε′m<-1, ε′′m<<|ε′m|, is fulﬁlled for many metals, including the silver and gold.
Concentrating the light in small areas with the assistance of extremely thin layers (plasmonic
lenses), the EOT is a unique phenomenon which is introduced as the SP assisted multiple
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diffractions, coupling the SPs into the aperture, and conversion back into near-field at the exit
side of the aperture. The role of SP modes is essential to clarify the EOT of light through the
slits. In the EOT, the aperture transmits more light than the standard aperture theory. The EOT
can occur whenever some specific conditions are satisfied, i.e., the slit width must be much
smaller than the incident light wavelength, the periodicity has to be in the range of wavelength
and it can lead to outstanding results if the light is normally incident to the structure’s surface.
Subwavelength apertures have also been used to concentrate light efficiently into the deep
subwavelength regions.
A considerable development has been reported for the EOT through metallic gratings with
very narrow slits. The SPPs and subwavelength slits in metallic thin films are always involved
with this phenomenon but the details are still under investigation [21, 23]. The SPs can be
efficiently excited in the nano-structured noble metals since they almost have free-electron
behavior. The noble metal nano-textured structures have special properties to produce
localized regions of high energy concentration and show larger enhancement for EOT. This
effect and its underlying mechanism have important applications in photolithography and
near-field microscopy.
Specifically, in this chapter we present the effects of nano-grating structures on the MSM
photodetector performance. Optimization of subwavelength nano-gratings shape and pitch is
very much important to generate the zero-order diffraction waves. Thus, the subwavelength
nano-gratings can be represented as a homogeneous medium with optical properties deter‐
mined by the nano-grating geometry. When the nano-grating period is within the order of the
light wavelength, the light wave may be resonant and reflects into the structure, hence the
higher diffraction orders will be suppressed and resonant reflection occurs for the zero-order
diffraction waves.

3. Modeling and characterization of plasmonic-based MSM-PDs
For proper design of MSM photodetector structure, it is necessary to define an appropriate
model to specify the dielectric properties of the materials. In our modeling, semiconductor
substrate is made up of gallium arsenide (GaAs) which is a direct band gap compound
semiconductor. Usually, the GaAs substrate is preferred for the design of electronic and
photonic devices, because it has unique electrical properties. Being a direct bandgap semicon‐
ductor, it can collect and emit light more efficiently than indirect band gap semiconductors
such as Si and Ge. The GaAs substrate as an isotropic material has a constant refractive index
of 3.666+i6.12×10-2 in our simulation. GaAs is suitable for infrared range applications and
optical fiber communication because of its wide bandgap and fast electron conduction. It also
has short absorption length that enables the detector to combine wide range bandwidth with
good responsivity characteristics. The GaAs has a conduction-band structure that leads to fast
electron conduction.
Periodic nano-structures can produce an efficient light transmission and absorption by
excitation of surface plasmons (SPs). The continuing progress in plasmonic interaction with
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nano-structures and their outstanding effects in development of MSM-PDs design have
developed a unique context for future-generation optoelectronic systems, such as, optical fiber
communication systems.
The conventional MSM-PD is a symmetrical device equivalent to two back-to-back connected
Schottky diodes on a semiconductor substrate. To create a Schottky junction, along with the
shape and size of the interface, some essential properties, such as type and quality of metal
and semiconductor must be satisfied.
A conventional MSM-PD structure is shown in Fig. 2. By impinging the light from the top on
the conventional device surface, a considerable amount of illumination on top is reflected, so
the light absorption inside the MSM photodetector (or substrate) is significantly reduced in
device’s active region. Fabrication of nano-gratings on the metal fingers of the conventional
MSM-PD structure avoids this unwanted phenomenon (or light reflection), compare Fig. 2 and
3. Such nanostructure then can capture most of the reflecting light inside the active region of
the device (or substrate). Hence, the individual subwavelength apertures can exhibit notable
light transmission when surrounded by periodic nano-structures that harvest the externally
incident light into the slit. This proposed mechanism is shown in Fig. 3.
By tailoring the electrodes structure surface with metallic nano-gratings, MSM-PDs can be
modified for the light absorption and the modification process strongly depends on the
corrugation parameters. Recently, different shapes of 1-D nano-structured surfaces have been
developed in which noble metals, such as gold (Au) are used for nano-grating structuring.
When an electric field (or a voltage) is applied between the electrodes and the device’s active
region is under illumination then the electric carriers (i.e., electrons and holes) are generated
and drifted towards the opposite electrodes due to the electric field and can form a photocur‐
rent. Improvement of recombination between electrons and holes can lead to enhance the light
absorption in the subwavelength aperture region.
The TM polarized wave is required to excite the propagating SP waves, when the z-component
of the light k-vector matches with the SP k-vector, because only the TM polarization has electric
field component in the same direction as surface normal. The polarization is described with
regard to the electric field configuration of the incident light with respect to the surface normal
(angle β) as shown in Fig. 3. The wave is purely TE polarized, when β=π/2, and purely TM
polarized, when β=0. The angle ϕ represents the direction of the plane of incidence, such that
the nano-grating is in the classical mount in this model, where all the diffracted orders remain
in the x-z plane and the plane of incidence is normal to the nano-grating grooves (ϕ=0). Besides,
when the grooves are parallel to the plane of incidence, the nano-grating is in the conical mount
(ϕ=90). In our simulation, we used the nano-grating period of Ʌ=810-nm. The grating period
has to be optimized to effectively couple surface plasmon resonances to the light wave and
trigger the quality absorption process.
It is very important to build a new type of plasmonic-based MSM-PD with the characterization
of high speed and high responsivity application which is useful in optical interconnect and
communication systems. An MSM-PD speed in operation is intrinsically limited by the carrier
transit time between the fingers or by the carrier recombination time. Although reducing the
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Figure 2. Schematic diagram of conventional MSM-PD structure with interdigitated electrodes (metal fingers) and
semiconductor substrate (GaAs). For this symmetric device under illumination, there are undesirable light reflections.

interdigitated electrodes spacing as well as scaling down the entire MSM-PD dimensions are
common ways to increase the photodetector speed, as transit time is quite small, undesirable
light reflection from the surface of the electrodes and the metal fingers shadowing the detection
area which leads to decreased active area, lowers the MSM-PD responsivity. Employing metal
nano-gratings on interdigitated electrodes demonstrates substantial transmission enhance‐
ment through the excitation and guidance of surface plasmon polaritons into the photodetec‐
tor’s semiconductor region [24].

4. Plasmonic-based MSM-PD simulation model
Metallic nano-grating structures produce efficient and ultrafast photodetection properties. In
this section, a plasmonic-based MSM-PD is introduced which utilizes electromagnetic and
optical properties of nanostructures to enhance the light harvesting inside the device active
region. The plasmonic-based MSM-PD consists of a semiconductor absorbing layer on which
the interdigitated electrodes have been deposited to form two back-to-back connected Schottky
diodes. The interdigitated electrodes are designed to resolve the conventional MSM-PD’s
degraded efficiency problem because of the metallic electrodes opacity. Also, the MSM-PDs
are patterned by nano-gratings to improve the light capturing capacity into the device active
region. Electromagnetic fields coupled to a charge density wave propagating at the metaldielectric interface produce transverse-magnetic optical surface waves namely surface
plasmon polaritons. The coupling condition for the SPPs is provided by metallic nano-gratings
with optimized dimensions and geometry. This structure has the feasibility to create a
plasmonic lens which utilizes plasmonic effects to produce surface plasmon resonances and
funnel the energy toward the central focal point.
The design of high performance plasmonic-based MSM-PD is shown in Fig. 3. A plasmonicbased MSM-PD structure has three separate regions or parts, namely, the incident region (the
metal nano-gratings), the under layer and the subwavelength slit region, and the transmission
region (the semiconductor substrate). The nano-scale gaps between the interdigitated electro‐
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Figure 3. Schematic diagram of MSM-PD structure with rectangular shaped nano-gratings on top of the subwave‐
length slit. The subwavelength slit layer is just on top of the semiconductor (GaAs) substrates. The excited SPPs travel
along the interface to reach the subwavelength slit/aperture.

des in the MSM-PDs result in a huge increase in bandwidth and reduction in dark current,
whereas the conventional pin photodetectors with similar sized active areas are unable to
achieve that amount of light absorption.
In addition, the near-field characteristics and associated field enhancements can be achieved
for periodic nano-structures and subwavelength apertures with aid of the SPPs interactions.
This suggests that, properly designed metallic nano-grating grooves trigger surface plasmon
polaritons under illumination and carry them toward the central slit. By using a subwave‐
length central slit, a well-directed source of light could be generated, an exciting development
that is being pursued as a source for a variety of optical technologies. The light continuously
re-emits from a very small area surrounding the central aperture which is associated with
properties of the Fabry-Perot cavity resonances for symmetric SPP modes of the slit. Particu‐
larly, The SPPs which are supported by the active region of the device show a great potential
of subwavelength photonic phenomenon. The excitation of the SPP waves causes a resonance
absorption, which can be observed as partial or total absorption of the incident light. The
absorption enhancement caused by the excitation of SPPs is associated with the incident
photons and their interaction with the nano-gratings, while Fabry-Perot like resonances are
included in transmission absorption process through the subwavelength slits.
In periodic subwavelength structures, the nano-gratings are deposited on top of the under
layer from the same metal (such as gold). The absorption enhancement can be achieved by the
SPP resonant excitations in the subwavelength region. Here, the FDTD method is used to
specify the TM polarized plane wave via Poynting vector. The SPPs are evanescent waves,
which are generated by the interaction between the surface electron densities and the electro‐
magnetic fields whilst trapping the light power inside the surface. Since the SP modes have
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longer wave vectors than the light waves with the same energy, the SP waves are non-radiative
on smooth metallic surfaces and cannot propagate in non-metallic media. One way to excite
the SPPs is the nano-grating coupling technique in which the incident radiation is coupled into
the SPPs using periodic surface corrugations with proper dimensions. The nano-grating
grooves are perpendicular to the x-direction and its dimensions and geometry are optimized
to couple the light near the design wavelength, that is, providing the missing momentum in
order to make the SPPs propagate along the z-direction. In a metal-dielectric interface, the SPP
wave vector matching condition for a metal nano-grating can be defined with some changes
to the well-known prism resonance condition. Hence, in a metal-dielectric interface, the SPP
propagating constant or wave vector matching condition for a metal nano-grating with the
period of Λ is given by [22, 24]:

kspp =

¢ ed
w
2p l w e m
=
sin(q ) ±
¢
L
c
c em + ed

(5)

where, ω is the angular frequency of the incident light wave, c is the speed of light in vacuum.
l is an integer number i.e., l=1, 2, 3, …, N and θ is the light angle of incidence to the device
normal. This relation illustrates that the wave vector of a given frequency is smaller than the
SPP wave vector, therefore the light wave vector should increase with the support of a coupling
mechanism to provide SPPs which in this case is satisfied by nano-grating structures.
The wave vector has to be complex as the metal permittivity is complex, εm=ε'm+iε''m. To trigger
SPPs, the dielectric permittivity has to change sign in the metal-dielectric interface. The values
of dielectric constant vary for different frequency ranges. To represent the influence of electric
field in organizing electric charges and dipoles in the medium, we introduce electric displace‐
ment field, D=ε0εrE, between two isotropic media where, ε0 is the vacuum permittivity and εr
is the relative (dielectric) permittivity. Here, the real part of complex dielectric permittivity of
gold is used. The dielectric permittivity of air as the incidence medium is denoted as εd. The
electric displacement field derived from the Maxwell’s equation is continuous across the
interface. With the continuous normal component of D across the interface and the permittivity
sign difference for metal and dielectric, the electric field changes direction passing through
two different media. This characteristic will only be satisfied if there is a normal component
for electric field across two regions that is TM polarization.
We are interested in metals with the large negative real part and a very small imaginary
contribution to the dielectric constant for the design wavelength, such as gold. The SPP
damping while propagating along the interface will be determined by the imaginary part of
the wave vector parallel component. As the researchers demonstrated their results for noble
metals, such as gold and silver in metal-dielectric interface, there will be a high field confine‐
ment at the interface while the losses remain minimum. When the plasmonic excitations occur,
the left side of equation (5) matches the wave vector of the excited SPP (kspp), that is the
equivalence of the interaction of incident radiation and lth diffracted order with the wave vector
of the SP at the interface.
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The FDTD as a powerful engineering tool allows for the effective and powerful simulation and
analysis of sub-micron devices with very fine structural details. The FDTD algorithm was
originally proposed by K. S. Yee in 1966 [25]. In order to investigate the optical response of
plasmonic-based MSM-PD, finite difference time-domain (FDTD) numerical method is used
as a premier solution for the simulation of propagating electromagnetic field by solving
Maxwell’s curl equations in time domain. The computational mesh points (grids) are made up
of unit cells, and the electric (E) and magnetic (H) fields are arranged at special places of the
computational domain denoted by (i, j, k) with respect to Ampere and Faraday’s laws. The
FDTD method is able to model light propagation, scattering, diffraction, reflection, and
polarization effects.
The Opti-FDTD software package developed by Optiwave Inc. was used to perform a 2D
simulation, and it is the first software to employ the Lorentz–Drude model into the FDTD
algorithm to calculate the transmission and reflection spectra. The FDTD simulation results
have demonstrated significant light-capture performance through periodic 1-D slit arrays,
which is useful for the design of ultrafast MSM-PDs.
In this model, the light wave hits on the nano-grating structures perpendicularly and passes
through the subwavelength aperture and finally reaches to the semiconductor substrate.
This chapter’s focus is on nano-gratings architectures that can increase the MSM-PD
responsivity by exciting the SPPs and manipulation of light in the subwavelength slit. It
has been reported that the rectangular nano-gratings produce the best absorption process,
however, we will present some new more qualified nano-gratings with more efficient
performance. The most influential parameters controlling the device light absorption can
be categorized in two general groups. One can be the basic structural differences for nanogratings clearly distinguishable with respect to their cross sections such as nano-gratings
shape and dimensions, metal nano-grating heights, duty cycle, and number of nanogratings on each side of the central slit. The other one is optimization process for subwave‐
length aperture region as subwavelength slit width, and electrodes (under layer) thickness.
Furthermore the incident light polarization and angle of incidence play an important role
to produce quality light absorption in optimized plasmonic-based MSM-PD. To verify the
importance of these features, the power flow through the central subwavelength slit for
plasmonic-based MSM-PD is compared with the amount of power reaching the active region
for conventional MSM-PD. Improved light interaction process with different nano-grating
shapes and geometries results in verification of the simulated results for the design and
development of high responsivity MSM-PDs which have applications in high-speed optical
fiber communication, high-speed sampling, and chip to chip interconnectors. The light
absorption enhancement factor (LAEF) is introduced as a dimensionless quantity to measure
the optimal absorbed radiation ratio to the whole incident power [26]. Therefore the impact
of nano-gratings implementation on the quality of light flux transmitted into the active
region of the MSM-PD is well approved compared with the conventional MSM-PD without
the nano-gratings.
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5. Simulation results and discussion
5.1. Electric field distribution inside the GaAs substrate
In this subsection, local electric field intensity distribution for conventional and plasmonicbased MSM-PD structures will be clarified through simulations to evaluate the adequacy of
plasmonic-based structure. We use a custom designed Matlab code to show the density plot
and the transmitted power into the substrate for two different structures. While the radiation
reaches to the structure normally, Fig. 4(a) represents the electric field distribution in a
conventional device without nano-gratings but with the Au contacts just on the GaAs sub‐
strate. The slit width is 100-nm and the under layer height is 60-nm. Therefore, in this situation,
the light transmission inside the substrate is not influenced by the surface plasmon excitations
and the incident light normally passes through the subwavelength aperture. Different colors
represent each point’s electric field strength in the density plots. Also, rectangular nano-grating
structures are designed and deposited on the metal contacts to take the plasmonic effects into
account. Fig. 4(b) demonstrates the electric field confinement in the GaAs substrate at cross
section of plasmonic-based MSM photodetector device and the field concentration is due to
SPP coupling with nano-structures. The maximum intensity appears for the part of the
substrate located just under the slit [27].
Due to the plasmonic interactions and the confinement of light into the central subwavelength
slit, it is obvious from Fig. 4 that the grating assisted MSM-PD tendency is to concentrate the
power (or energy) into the photoactive region which is just below the central slit. Therefore,
implementation of the nano-gratings enables the photodetector to lead the light into the central
aperture quite effectively. Hence, it is important to obtain optimized geometrical parameters
for efficient light confinement, and it is what we describe in the following subsections.
5.2. Effect of duty cycles on the LAEF
For 2 similar nano-gratings with the discrepancy in profile shapes, the light harvesting ability
can be different. The Au nano-grating profile and geometry on the GaAs substrate can make
changes in the absorption enhancement spectrum. Therefore it is interesting to discuss the
effects of duty cycle on the LAEF of the nano-structured MSM-PDs. Duty cycle (DC) of
corrugations is the percentage of ridges width to the nano-grating period, i. e. 60% DC refers
to the ratio of the nano-gratings grooves width to the ridges width of six to four in one period.
We specify the optimum duty cycle for trapezoidal and rectangular-shaped nano-grating
profiles which are designed with optimum heights [28].
Under normal incidence, the LAEF spectra in rectangular-shaped nano-grating structures is
calculated for different duty cycles, such as from 30% to 100%, as shown in Fig. 5, while the
subwavelength aperture width has been kept constant at 50-nm, the under layer thickness and
the nano-grating height were 20-nm and 120-nm, respectively. It can be inferred that the peak
wavelength is different for each specific duty cycle and the maximum LAEF, with the amount
of ~32.7, occurs for 40% duty cycle. It is clear that the duty cycle can affect the peak wavelength
as well as the amount of light flux transmitted into the active area of the MSM-PDs.
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Figure 4. Field distribution at the cross section (a) conventional MSM-PD, (b) rectangular plasmonic-based MSM pho‐
todetector. The calculated total electric field intensity distribution inside the GaAs substrate is shown using the follow‐
ing parameters: the subwavelength slit width of 100-nm, gold under layer thickness of 60-nm, and the nano-gratings
height of 100-nm for (b).

Figure 5. Light absorption enhancement factor spectra of MSM-PDs with rectangular-shaped nano-gratings for various
duty cycles ranging from 30% to 100%.

The optimum duty cycle has also been specified for trapezoidal-shaped nano-grating profile
with the subwavelength aperture width and under layer thickness of 50-nm and 20-nm,
respectively. In this case, the maximum LAEF is obtained~31.5 for 40% DC which is the same
duty cycle as the optimum DC for rectangular-shaped nano-gratings.
The results shown in Figs. 5 and 6 illustrate that the amount of LAEF is a function of duty cycle
which grows gradually towards the 40% DC and drops down dramatically towards higher
DCs and the peak wavelengths are also red-shifted for the LAEF curves of the higher duty
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cycles for both the structures. In the case of the rectangular and trapezoidal nano-grating
profiles designed with their optimum nano-grating height, we can infer that the amount of
light transmitted into the active region not only depends on the nano-gratings height and shape
but also on the amount of duty cycles. Besides, for rectangular-shaped nano-grating profile
shown in Fig. 5, 100% DC indicates that the whole structure is like a conventional MSM-PD
having a thick under layer with height of about 140-nm, the resulting thickness is the sum of
under layer thickness and the nano-grating height, while for trapezoidal shaped
nano-gratings, there will be triangular grooves between the trapezoidal ridges for 100% DC,
Fig. 7.
5.3. Impact of subwavelength aperture width on the LAEF
We discuss the impact of subwavelength aperture width on the light absorption and reflection
for MSM-PDs and the results are discussed for different duty cycles. Compared with the
incident light wavelength (λ0), the aperture width is very small, hence only symmetric and
fundamental SP modes will propagate into the slit. When the subwavelength slit width is much
smaller than the incident light wavelength (λ0), in addition to the light transmission and
absorption caused by manipulation of metal nano-gratings, the light harvesting and confine‐
ment in the semiconductor substrate can be obtained via optimization of subwavelength
aperture. Fig. 8 shows the simulation results of the absorption spectrum for several subwave‐
length aperture widths when the number of nano-gratings on each side of the slit (subwave‐
length aperture) is 9, and the nano-grating period and the nano-grating height are kept
constant at 810-nm, and 100-nm, respectively. However, a portion of the lights is reflected in
the central slit area, as shown in Fig. 9. The interesting point is that the range of wavelengths
in the spectrum corresponding to the minimum reflection for the LRF curves in Fig. 9 is
equivalent to the range of maximum LAEF for the same structure.
The results for less than 50-nm and more than 500-nm width slits are not presented here
because the LAEF is reduced for very thin and very wide slits. The optimized slit width is
selected as 50-nm which is much easier to fabricate compared with thinner slits and shows
very promising results to improve the device performance.
The simulated results show that the LAEF decreases rapidly with the increase of the subwa‐
velength aperture width from 500-nm to 50-nm. Figure 8 shows clearly that the LAEF is more
than 12-times with 50% DC and about 13.5-times with 60% DC for a 50-nm subwavelength
aperture width, the narrowest slit in this simulation, also with presentation of LAEF curves
for 40% and 70% DCs of the aforementioned slit width, we show that 60% DC is optimized for
this special structure. However, the LAEF is ~4-times with 50% DC but a little lower with 60
DC for a slit width of 250-nm and the LAEF wavelength is red shifted for all bigger DC.
The effective refractive index is a function of slit width for symmetrical SP modes when the
slit experiences the TM incident wave. Therefore, with reducing the subwavelength aperture
width, the effective refractive index increases and leads to an enhancement of the light
absorption inside the active region.
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Figure 6. Light absorption enhancement factor spectra of MSM-PDs with trapezoidal-shaped nano-gratings for various
duty cycles ranging from 30% to 100%.

Figure 7. Cross-section of rectangular and trapezoidal-shaped nano-gratings while the duty cycle is 100%.

However, the idea for optimization of the MSM-PDs can be made more precisely by modifying
the amount of transmitted light power through the subwavelength slit in the GaAs substrate
[29]. Therefore, at normal incidence, we made this amendment by the subtractions of localized
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power near the top of the substrate and the power propagating to the bottom of the substrate,
that is the LAEF values at the slit opening and beyond the slit opening at the outer edge of the
substrate. The subtracted amount for LAEF is presented in Fig. 10 for the optimized geometry
presented in Fig. 8, that is 50-nm slit width, 60% duty cycle. The maximum LAEF is almost
unchanged and the fact that a minor amount of energy is lost from the substrate is justified as
long as the device dimensions are optimized. Also the absolute values for Poynting vector in
x direction are presented for 3 depths of the GaAs substrate, top, 0.1 μm from top and bottom.
The |Sx| value is negligible at the bottom of the substrate compared with the slit opening.

Figure 8. Light absorption enhancement factor spectra of MSM-PDs with rectangular-shaped nano-gratings. Different
curves show the effect of slit width (SW) and duty cycle (DC) variations on the LAEF. Here, the under layer thickness
and nano-gratings height are kept constant at 60-nm and 100-nm, respectively.

5.4. Impact of incident angle on LAEF curves
We present some results to investigate the effects of incidence angle upon the maximum LAEF
for plasmonic-based MSM-PD device. The incident angle varies through a straight angle with
negative and positive values, ranging from-90° to 90°, representing inclination from the normal
incidence to left and right, respectively. While changing the angle of incidence for illuminated
light in simulation, we show the device’s most efficient light absorption enhancement for a
specific angle. Fig. 11 shows maximum LAEF curve for various incident angles for the nanograting structures with the subwavelength slit width of 50-nm and nano-grating height of 100nm while the DC is kept constant at 60%, they are the parameters for the optimized curve
producing the maximum LAEF in Fig. 8. The resonant wavelength is constant for most of the
angles at 947-nm. The presented results indicate that the optimized incident angle is-46° for
this geometry.
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5.5. Nano-grating height optimization in plasmonic-based MSM-PD
With the variation of nano-gratings height, different sets of results show significant changes
in the amount of light transmitted into the active area of the MSM-PD. Hence the height of the
ridge is an effective parameter in optimization of the detector performance [30]. We present
the simulation results for rectangular and trapezoidal MSM-PDs with different nano-grating
heights. The incident light with TM polarization was perpendicularly illuminated on the
groove profiles and we have calculated the amount of light flux transmitted into the slit for
four different heights in rectangular and trapezoidal nano-grating assisted MSM-PDs.

Figure 9. Light reflection factor spectra of MSM-PDs with rectangular-shaped nano-gratings. Different curves show the
effect of slit width (SW) and duty cycle (DC) variations on the Light reflection factor.

Figure 12 shows the LAEF spectrum for different heights of the rectangular shaped nanogratings in plasmonic-based MSM-PD, such as 80, 100, 120, 140-nm. Simulation results confirm
that 120-nm is the optimized height for this design. The peak wavelength behaves like a
sinusoidal manner and wavelength (λ) is red shifted as the ridge’s height increases. The duty
cycle is 60% while the subwavelength aperture width, and subwavelength aperture thickness
are kept constant at 50-nm, and 20-nm, respectively. There are some interpretations to analyze
the curves. The SPPs coupling process and the following expected absorption can easily occur
for higher gratings and reduces after certain heights. This light absorption has a maximum for
a specific wavelength in the spectra which varies in different heights, and for the wavelengths
higher than the peak, the amount of LAEF decreases because the incident light might be
coupled into radiative SPs rather than bound SP modes.
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Also, several sets of numerical analysis are carried out to illustrate the effect of trapezoidalshaped nano-gratings on the optimized height at which the maximum resonance transmission
occurs. The simulations are performed for 4 different nano-grating heights of 100, 120, 140,
and 160-nm with the subwavelength aperture width of 50-nm and the under layer thickness
of 20-nm. The results are shown in Fig. 13. The LAEF is 26.3 times in its maximum for the curve
representing the 140-nm nano-grating height for the duty cycle of 60%.

Figure 10. Modified LAEF for plasmonic-based MSM-PDs with 50-nm slit width, 100-nm nano-grating height, and 60%
duty cycle. The inset represents the absolute value of Sx in different depths of GaAs substrate, the top, 0.1 μm depth
from the substrate surface, and the bottom.

Figure 11. Maximum LAEF versus incidence angle characteristics for MSM-PDs with 50-nm slit width and 60% DC. Here,
the subwavelength aperture height and nano-gratings height are kept constant at 60-nm and 100-nm, respectively.
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From Figs. 12 and 13, it can be recognized that the optimum wavelength is red shifted for
higher nano-gratings in both figures. However, trapezoidal nano-gratings height at maximum
light absorption, 140-nm, is higher than the optimum height of its rectangular counterpart,
120-nm, while its resonant wavelength is blue shifted.
5.6. Nano-grating geometries effect in plasmonic-based MSM-PD
There is no doubt about the effects of nano-grating textured structures and geometries on light
trapping inside the device active region as they are responsible for the creation of the SPPs
which can assist for the light confinement in the subwavelength regions. Hence we analyze
the MSM-PD device performance and its enhanced responsivity for different nano-grating
shapes.
By involving plasmonics (i.e., metallic nano-gratings), the device performance has been
improved due to the advances in nano-technology fabrication methods. Focused ion beam
(FIB) lithography, electron beam (E-beam) lithography, and nano-lithography are the new
approaches to fabricate nano-scale devices. These techniques can be used to obtain the stateof-the-art for very small nano-structures in order of tens of nano-meters which are the accepted
dimension for visible and near infrared regions [31].

Figure 12. Light absorption enhancement factor spectra of the rectangular nano-gratings with different heights. Here,
DC is 60% and subwavelength aperture width is 50-nm.
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In general, a good light absorption performance is achieved for rectangular-shaped nanogratings. It has been proved that the rectangular nano-gratings are the best option for the
design of nano-gratings to improve the MSM-PDs performance. The normal wall nanogratings are easily fabricated with lithography and etching, while in focused-ion beam (FIB)
milling, the nano-gratings are rather taper than the rectangular one. The observation of
scanning electron microscopy images represents the nano-gratings with taper walls rather than
the rectangular nano-gratings. The metallic nano-gratings fabrication is not an easy process
but the FIB lithography is an approved technique to develop elaborate structures with the
nano-gratings. This nano-scale fabrication technology is very promising to access near field
excitations and detection of the plasmon polaritons at air/Au interface.

Figure 13. Light absorption enhancement factor spectra of the trapezoidal profile nano-gratings with different heights.
Here, DC is 60% and subwavelength aperture width is 50-nm.

Here the plasmonic-based MSM-PD structures are set with the rectangular, trapezoidal, and
ellipse-wall nano-grating profiles and their behaviors are compared with each other. It has
been reported that the straight wall nano-gratings produce an optimum light absorption
for plasmonic-based MSM-PDs, but under practical device manufacturing situations, the
rectangular shaped profile is closer in appearance to semi-trapezoidal nano-gratings. Then
we introduce and characterize grating-assisted MSM-PD which utilizes ellipse-wall nanogratings and prove that it achieves better efficiency than rectangular and trapezoidal
counterpart.
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Metallic nano-grating geometries affect the LAEF in MSM-PDs. Figure 14 shows the light
absorption enhancement spectra evolution for MSM-PDs with triangular, rectangular,
trapezoidal with 0.4, 0.5, 0.8, and 0.9 aspect ratios, and the ellipse-wall nano-gratings with
0.5, and 0.9 aspect ratios. Aspect ratio (AR) is introduced to define a relationship be‐
tween the width of upper and lower bases for taper and ellipse wall structures as a
dimensionless coefficient smaller than unity. For ordinary structures, the lower base and
for inverted ones the upper base is always bigger. These groove shapes along with the
differences between their aspect ratios are shown in Fig. 15. The simulation results illustrate
a strong confinement for the rectangular shaped structures, although the realistic subwave‐
length nano-gratings do not have the normal walls. The maximum LAEF for taper and
rectangular profiles are quite close.
However, we introduce a novel grating structure for our design with ellipse walls which has
recently been stated to have more light capturing efficiency than the rectangular and taper
nano-grating profiles [32]. As stated the experimental results in [31], the analysis of atomic
force microscope (AFM) systems and scanning electron microscope (SEM) images demon‐
strated the trapezoidal structures rather with curved walls than the linear walls.
Therefore, we have designed the ellipse-wall nano-gratings with legs satisfying the exponen‐
tial equation having an exponential coefficient of 0.5. The exponential coefficient is supposed
to satisfy the exponential function of z=C еx for nano-gratings lateral walls, where C is the
exponential coefficient. Performing the simulations on these ellipse-wall nano-structures gives
a better view of more realistic condition for nano-scale devices. The simulation is performed
for the under layer thickness of 20-nm, the nano-grating height of 120-nm, and the subwave‐
length aperture width of 50-nm which are optimized values for a MSM-PD with rectangular
symmetric nano-gratings [33].
Besides, the results of light absorption for trapezoidal structures with different aspect ratios
are presented. In the case of slanted walls, the increase of slit opening width is a drawback for
reflection of gap plasmon from the upper termination resulting in a weak LAEF, because the
cavity nature which is responsible for resonant absorption faded away with variation of the
slit opening width. However, the decrease of taper aspect ratio leads to a blue shift resonance
position. Figure 14 shows this slight blue shift while this parameter changes from 0.9 to 0.4 for
tapered nano-grating structures.
As shown in Fig. 14, the plasmonic interactions are more efficient for ellipse wall nano-gratings.
We know that the localization of optical energy around sharp corners is remarkable. The nonlinear design of ellipse-wall nano-gratings enables the possibility to improve energy concen‐
tration in the active region of the MSM-PD device because the energy flow is facilitated through
the interface in comparison with the rectangular nano-gratings. Depending on the aspect ratio
parameter, that is the normalized value of bottom side to the top side width as shown in Fig.
15, nano-gratings can increase their LAEF. Ellipse-wall nano-gratings improve their perform‐
ance from LAEF of 20 (for 0.5 aspect ratio) to 28 (for 0.9 aspect ratio). Even the maximum LAEF
of rectangular nano-grating, 26.5, is less than 0.9 aspect ratio ellipse-wall structures. In
addition, the maximum peak wavelength is red shifted for rectangular structure. While the 0.9
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aspect ratio ellipse-wall nano-grating is the most suitable structure in light absorption, it is
worth noting that the 0.5 aspect ratio ellipse-wall nano-gratings offer a better transmission in
comparison to their trapezoidal counterparts. They almost doubled their efficiency compared
with the 0.5 aspect ratio taper profiles from 10.5 to 20.3.

Figure 14. Light absorption enhancement factor spectra of MSM-PD with triangular, rectangular, taper nano-grating
structures with 0.4, 0.5, 0.8, and 0.9 aspect ratios, and ellipse wall nano-gratings with 0.5 and 0.9 aspect ratio and expo‐
nential coefficient of+5. The duty cycle of corrugations, subwavelength aperture thickness, and the nano-gratings thick‐
ness are 60%, 20-nm, and 120-nm, respectively.

Figure 15. Ellipse-wall nano-gratings with the aspect ratio (AR) value of 0.9 and 0.6 for (a) and (b), respectively. For (a)
and (b), the lateral walls are function of exponential equation with the exponential coefficient of+5 for (a) and-5 for (b).
(c) and (d) are taper (trapezoidal) and inverted trapezoidal structures with 0.5 and 0.8 aspect ratios. For inverted struc‐
ture, the lower base is bigger. The aspect ratio defines a relationship between two parallel bases widths of trapezoidal
and ellipse-wall nano-gratings.
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5.7. Impact of under layer thickness
Here, we discuss the impact of under layer or subwavelength aperture thickness (Uth) on the
amount of transmitted light through the active region of the MSM-PD. Under layers are the
photodetector’s metallic electrodes which metallic nano-gratings can be designed on them.
Optimization of this parameter also affects the light absorption enhancement in the MSM-PDs.
The thick under layers absorb a proper amount of the incident lights and the carrier recombi‐
nation become more prominent which reduces the internal quantum efficiency. The thinner
under layer leads to better electrical properties moreover they have advantages of material
saving and higher carrier collection efficiency; however they lose light harvesting proficiency
which can be resolved by implementation of nano-grating structures of the same metal. The
reduction of the under layer thickness enhances the LAEF, because in this case the EOT can
also occur in the flanked slits other than the central aperture. Here, the under layer thickness
attenuation effect is shown, which assists the light absorption in the device in addition to the
light absorption enhancement caused by optimization of other parameters, i.e. nano-gratings
shape. As expected, an ideal rectangular nano-grating shape with the thinnest under layer
contributes more effectively in the light absorption in comparison to the thicker under layer
heights. However, the amount of LAEF for ellipse wall structure is higher than the rectangular
grooves, because in this design, the central slit opening has no corner which avoids useless
light confinement at sharp edges, also the slit opening is broader, so there is less reflection for
the illuminated light at the top due to the grooves’ non-linear walls and a greater part of the
energy involves in the SPP coupling at metal-air interface. Design of the nano-gratings with
the thickness of 120-nm, which is the optimized height for rectangular nano-grating as shown
in Fig. 12, results in about 32.8 fold enhancement for ellipse-wall nano-gratings with 0.9 aspect
ratio and exponential coefficient of 0.5 when the duty cycle is fixed at 40% and the subwave‐
length slit width is 50-nm, but ellipse-wall nano-gratings quite close absorption peak to
rectangular nano-grating with the height of 120-nm is the result of doing simulations for
optimized rectangular nano-grating.
While absorption is enhanced for thinner under layers, useful results will be revealed through
comparison of absorption curves for optimized nano-grating thickness of ellipse-wall nanogratings and rectangular nano-gratings, 140-nm and 120-nm, respectively. Our simulated
results indicate better enhancement of LAEF for ellipse-wall nano-gratings with optimized
thickness of 140-nm that is 33.6 compared with maximum LAEF of 120-nm rectangular nanograting which is 32.7. These results are shown in Fig. 16.
In addition to the influence of under layer thickness on the amount of transmitted light
flux into the device active region, we can also demonstrate under layer’s direct influence
on other structural parameters like duty cycle. Looking back at sections 5.2 and 5.3, we
notice the LAEF curves calculated in different duty cycles. In Fig. 8, for the slit widths of
50-nm, the 60% is the optimized duty cycle while in Fig. 5 and 6, the optimized duty cycle
is 40%. We mentioned this to prove the fact that the optimized duty cycle varies for the
structure with different under layer thickness, the under layer thickness of 20-nm and 60nm in Fig. 5 and Fig. 8, respectively.
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Figure 16. Light absorption enhancement factor (LAEF) calculation of different under layer thicknesses (Uth) for the
rectangular and 0.9 aspect ratio ellipse-wall nano-grating structures with exponential coefficient of+5 for two different
nano-grating thicknesses (Gth).

6. Conclusions
We discussed the interaction of illuminated light as electromagnetic waves through the central
sub-wavelength slit on a metallic thin film surrounded by periodic nano-gratings. The concept
of SPPs has been introduced and the excited SPPs are generated at metal-dielectric interface
which are used for plasmonic-based applications. Plasmonics offers the ability to concentrate
light into subwavelength volumes in ultra-small optoelectronic devices utilizing high-speed
and broad bandwidth. Plasmonics has also made impression in nano-scale photodetector
development. Photodetectors play key role in development of modern optical communication
technology. Surface plasmon resonances have found practical applications in sensitive
photodetectors recently. We have analyzed the performance and advantages of plasmonicbased MSM photodetectors and modeled their light absorption enhancement. The FDTD
simulation tool has been used to analyze and optimize the impact of the physical and geo‐
metrical parameters on the amount of transmitted light into the MSM-PD structures. In order
to maximize the flow of energy into the device active region, the performance of different nanograting profiles and their effects on the efficiency of the photodetector have be evaluated using
Drude-Lorentz dielectric function via FDTD algorithm. The corrugations on the surface lead
to an effective impedance for the surface modes which favors to the resonant coupling of the
SPs with incident electromagnetic wave and hence facilitates the enhancement of light
transmission. The main motivation to design the nano-gratings on the MSM-PD electrodes is
to assist and improve the light transmission into the slit. With the grating assisted MSM-PDs,
the device could benefit the small spacing between the two top contacts, namely the central
slit, for a fast response of optical pulses. The simulated results reveal that the amount of LAEF
is much better than the conventional MSM-PDs. A substantial light absorption enhancement
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has been found for the symmetrical MSM-PD devices. Two distinct mechanisms targeting the
absorption enhancement in MSM-PDs are namely, the metal nano-gratings assisted light
absorption and the subwavelength slit Fabry-Perot resonances. Feasibility of developing MSM
photodetectors with high-responsivity and high-speed characteristics has made them reliable
choices for high-speed optical communication systems. We have studied the transmission of
TM-polarized light through subwavelength apertures in metallic films flanked by metallic
nano-gratings in plasmonic-based MSM-PDs and optimized the interdigitated electrodes
thicknesses and the nano-grating shapes. Simulation results confirm that the plasmonic–based
grating–assisted MSM-PD is more efficient in light absorption compared with a conventional
MSM-PD. The light energy confinement in the nano-scale and the produced focal point of the
incident beam in plasmonic device compared with conventional MSM-PD confirm the
characteristics of a nano-plasmonic lens. The demonstration of device optimization results
assists to improve the concept of novel high responsivity, plasmonic-based MSM-PDs for high
speed applications in optical communication. These results provide useful information for the
design and fabrication of nano-scale optoelectronic devices.
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1. Introduction
As a rapid growing field in worldwide science and technology, silicon nano-photonics has
become one of the most promising photonics integration platforms in the last decade. This is
mainly due to the combination of a very high index contrast and the availability of silicon
complementary metal-oxide-semiconductor (CMOS) fabrication technology, which allows the
use of electronics fabrication facilities to make photonic circuitry. Unfortunately, the indirect
band-gap of silicon leads to low efficiency and slow efficiency that is unexpected. The rate of
electron-hole recombination in silicon material is too low to produce emitted photons in
forward biased silicon p-n junctions, but light emission observed from reverse-biased silicon
p-n junctions under high electric field was already reported in 1955 by Newman [1]. The
radiative transition between hot carriers emits photons larger than the energy gap. Hence the
luminescence during avalanche breakdown is characterized by a broad emission spectrum.
An example of the high-energy edges of avalanche-breakdown luminescence is shown in Fig.
1. The low-energy edge of the emission spectrum, on the other hand, extends to energies lower
than the gap energy, due to the tunneling-assisted photon emission [2].
Since electron-hole pairs are produced during avalanche breakdown, some radiative recom‐
bination occurs. Both the electrons and the holes can be heated by the electric field. Since it is
attributed to the hot-carrier population under the condition of avalanche breakdown, the light
emission can be used for high-speed light-emitting devices, high-speed light amplifiers, and
the analytic investigation of hot carrier distribution [3].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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Figure 1. The emission spectra for both forward and breakdown currents corrected for the spectral response of the
spectrometer-photomultiplier system (After ref. [2]).

Conventional electric interconnection in today’s computers has been a bottleneck for highspeed and large-capacity data transmission. To break through this bottleneck, substituting
electric interconnection by optical interconnection is a possible direction [4].
Ideally, all three components (i.e., light source, waveguide, and photo-receiver) of the optical
link should be monolithically integrated with the silicon substrate chip and be compatible with
complementary metal-oxide semiconductor (CMOS) technology. Silicon photo-receiver
circuits can be readily embedded in silicon chips, and silicon-on-insulator (SOI) optical
waveguides (i.e., SiO2 layer) may be used as optical connections. The main difficulty lies in
transmitters since light sources can not be efficiently made with silicon because it is an indirectbandgap material. Efficient light-emitting materials, such as AlGaAs/GaAs, grown on silicon
substrates by heteroepitaxy are not sufficiently reliable because of the lattice-parameter and
thermal-expansion mismatch between the two materials. One practical approach to addressing
the mismatch between the compound-semiconductor optoelectronic technology which is used
to fabricate optical sources, and the CMOS silicon technology which is the basis of modern
electronics, is the hybrid integration. This approach is based on bonding separately fabricated
optoelectronic and electronic chips. A hybrid-integration process known as flip-chip bonding
can integrate thousands of optoelectronic devices on a single silicon chip with lateral alignment
better than 1 micron [5].
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Despite the indirect band-gap, one of the most promising candidate light sources is now
thought to be silicon itself because LEDs made of silicon-based materials can be integrated into
the existing microelectronic and optoelectronic technologies in a highly economic way. The
ideas for direct generation (i.e., electron-hole recombination) of light in silicon by the use of
photonic-crystal structure remain in the domain of ongoing research, since the spatial con‐
finement of electron-hole pair on silicon nano-crystal separated by a high-barrier oxide is able
to reduce the non-radiative recombination probability and increase the luminescence. Several
approaches, such as porous silicon [6, 7], silicon-silicon dioxide superlattice [8], silicon
nanoparticles in silicon dioxide [9], erbium in silicon [10‒12], silicon/germanium [13‒17], and
iron disilicide [18], have been considered to enhance its poor light emission. However, these
approaches are too complicated to be perfectly compatible with the standard CMOS process
technology.
In the present chapter, we will give an overview of the field-effect electroluminescence in the
reverse-biased silicon p-n junctions. The following is an outline of the topics covered here.
Section 2 provides the construction of a theoretical model which includes the intraband
transition and the interband transition of silicon reverse-biased p-n junction electro-optical
properties. Section 3 expands the analysis to the explore the silicon gate-controlled diode (a
reverse-biased p-n junction with the an additional terminal) that might influence silicon LED:
this will indeed show that the, in contrast to the two-terminal Si-diode LED, the three-terminal
Si gate-controlled diode LED is able to control the light intensity by adjusting the gate voltage
Vg. Since the N+drain to P+substrate junction in an N-channel MOSFET (N-MOSFET) device is
also a reverse-biased p-n junction, the phenomenon of light emission from the silicon metaloxide-semiconductor field-effect-transistor (Si-MOSFET) operating in the saturation mode is
analyzed by a novel model of physical mechanism in Section 4. Section 5 and 6 present the
substantial input in realizing the optical link structures. Finally, Section 7 concludes that the
silicon LED will significantly play an important role in future silicon photonic-electronicintegrated-circuits (PEICs).

2. Silicon CMOS avalanche LED
Silicon the material per excellence for electronics is not used for sourcing light due to the lack
of efficient light emitter and lasers. In general, high-field electroluminescence can be divided
into three categories [19],
• Electroluminescence of powder phosphors (the original discovery by Destriau falls into this
category‒ the phosphor particles were dispersed in a dielectric)
• Electroluminescence of thin films (a homogeneous thin layer of a phosphor filing up the
space between capacitor plates-electrodes)
• Electroluminescence of a reverse-biased p-n junction.
In this section, photon emission from silicon was observed by using a p-n junction that operates
in the reverse breakdown mode. Indeed, a PMOSFET device can works two p-n junction
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diodes, as shown in Fig. 2, if both the p+drain and p+source are grounded while the gate is
floated. Substrate voltage Vsub is defined as the reverse bias of the two in-parallel connected pn junction diodes.

Figure 2. Schematic presentation of the Si-PMOSFET device for the case of Si-diode LED.

In Fig. 3 it is discovered that this radiation originates first in the isolated spots in the close
vicinity of the junction area, and with increasing reverse bias these spots merge into a single
homogeneous emitting area.
The explanation of this effect is based on the close link between electroluminescence and the
electrical breakdown of a reverse-biased p-n junction, as depicted in Fig. 4. At reverse bias, the
injection of electrons from n region to the p region and of holes from the p region to the n
region can not be achieved. The saturation current across the junction arises from thermally
generated minority carriers on both sides of the junction. Due to the high-field, an electron or
hole ionizes the lattice, a free e-h pair is created and an avalanche like increase in the number
of free carriers evolves. The current is increasing substantially, and electron-hole pairs with
substantial excess energy gained by the acceleration can, naturally, recombine radiatively.
In addition to Fig. 2, Fig. 5 shows one-half of a PMOSFET-like device that can work as the
reverse-biased p-n junction. The device is fabricated using the standard 3μm CMOS process
with self-aligned technology. The shape of the spectra and the peaks of emission are basically
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Figure 3. The dark field optical micrograph of the visible light from the reverse-biased silicon p-n junction: (a) The
light emission from a grown junction interprets the surface; (b) The light emission pattern from a junction diffused to a
depth of a bout 2 microns below the crystal surface, as see in the direction normal to the surface; (c) The light emission
from a junction similar to that of (b) except that part of the surface has been ground off at an angle of one degree to the
remainder. The sharp white line marking the boundary of the light spots indicates where the junction intercepts the
sloping face. (After ref. [2]).

Figure 4. The current-voltage characteristic of a reverse-biased p-n junction.

unchanged under different reverse-bias conditions. Two distinguished wavelength peaks are
observed to occur at 650 nm and 750 nm, as shown in Fig. 6.
Normally, in the microplasma (the prerequisite for the assumption of Braking radiation) or
avalanche region of the reverse-biased p-n junction, both the holes and hot electrons are
presented up to 2.4 eV (corresponding to wavelength ~550 nm) of the pair production threshold
for holes and 1.8 eV (corresponding to wavelength ~650 nm) of the pair production threshold
for electrons due to high accelerating field [21]. On the other hand, the accelerated carriers will
lose some kinetic energies through the collision with artifical atoms (i.e., immobile charged
centers) in the depletion region of p-n junction, and the lost energies will be released in the
form of photons. On the origin of Bremsstrahlung radiation mentioned previously, the primary
wavelength peak 650 nm and the subsidiary wavelength peak 550 nm may be explained by
the two threshold values. In fact, the mechanism behind the light emission under the avalanche
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Figure 5. Energy band scheme which demonstrates current amplification due to impact ionization and depicts radia‐
tive recombination of an e-h pair giving.

breakdown condition is extremely complicated, and there are other possible mechanisms
contributing to this type of light emission besides Bremsstrahlung radiation. In [22], a reason‐
able model is proposed to indicate that avalanche emission in silicon longer than ~620 nm is
primarily due to indirect interband transition by high-field carrier populations, that Brems‐
strahlung (i.e., indirect intraband transition) dominates the range of ~539 nm to ~620 nm, and
that direct intraband transition should be the main reason for the photon emission with
wavelength shorter than ~539 nm. Accordingly, it is suggested that the overall mechanism is
too complicated to be explained by Bremsstrahlung only. The influence of the defects on the
localized emitting spots also should be taken into consideration. In addition, the interference
of the emitted light by the passivation layer on the surface of the silicon substrate may account
for some of the light intensity sub-crests exhibited in Fig. 6.
The visible light emitted from silicon p-n junction reverse-biased at high voltages has been
studied and analyzed. This hot-electron electroluminescence has been seen to offer a useful
mean for the study of high-field effects, device integrity, transport, real-space transfer and
electron energy distributions. Examination of the electroluminescence distribution reveals the
electrical weak spots of the silicon device and may indicate the presence of localized break‐
down. Spectral measurements suggest that a number of mechanisms contribute to the visible
light emission, including indirect intraband transitions and band-band recombination. Lacaita
et al. explained that the light emission processes in avalanching reverse-biased p-n junctions
should be due to electron and hole relaxation and recombination processes occurring in the
high-field avalanching region in theory [23]. In contrast, from experimental evidence and
models, Bude et al. concluded that intraband electron relaxation processes of electrons
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Figure 6. Output emission spectra of the Si light-emitting-device, gate is floated, Vs=Vd=0 V. Emitting wavelength rang‐
es from 500 nm to 850 nm in the measured range of 200 nm to 900 nm (After ref. [20]).

occurring within the conduction band of the silicon itself should be the major reason [24]. It
should be noted that a detailed study of the spectrum further allows analysis of the carrier
distribution, scattering direction and conduction electron temperature in the space-charge
region of silicon p-n junctions.
Commonly, the mechanism of this optical radiation could be explained by the classical
electromagnetic theory in which an electron collides with a singly charged Coulombic center.
Furthermore, the phenomenon and the rate expression of continuous x-ray spectrum (i.e.,
Bremsstrahlung radiation) are able to interpret the optical emission observed in the reversebiased silicon diode if the space-charge region is approximately treated as micro-plasma. It is
noted that the x-ray scattering process is distinguished from optical scattering because the
energy of the incident x-ray photon with frequency v0 becomes large enough with respect to
the rest energy of the electrons to give a significant frequency shift to the scattered radiation
[25]. In fact, the incident carriers generated by impact ionization will be accelerated by the high
field in order to collide with the Coulombic charged centers (i.e., artificial atoms [26]), and then
the loss of kinetic energy will be released in the form of photons. The ratio of the Coulombic
interaction energy to the thermal energy is given by
1 q2
Ge =
4pe si rkTe

(1)

where k is the Boltzmann constant, T e is the effective temperature, εsi is the dielectric constant

of silicon, and q is the magnitude of elementary charge. r , which is defined as the inter-particle
spacing (i.e., Wigner-Seitz radius), is
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where n denotes the ion density. In accordance with the theory of “hot carrier”, the condition
for full ionization usually means that the thermal energy of the particles exceeds the ionization
energy of the atoms from which the plasma is formed
Ethermal =

3
kT > Eion
2 e

(3)

In addition, the lifetime of the excited state is expressed as [27]

t=

h
kTe

(4)

where h is the Planck constant. Since Coulomb collisions serve for distribution of the reduced
velocity of carrier, the variation of velocity is usually written as
hK
Dv =
m

(5)

where K is the photons wave number and m is the ions mass.

The motion of thermal carriers resembles that of a dilute gas, and the distribution of the kinetic
energy of thermal carriers can be described by the Maxwell-Boltzmann distribution, derived
from the kinetic theory of gases. The probability of carriers having an energy E is expressed
in the form
n ( E ) dE
n

=

(

2p E

p kTe

)

3

æ E ö
exp çç ÷÷ dE
è kTe ø

(6)

where n (E )dE is the number of carriers of energy from E to E + dE , n is the total number of
carriers in the space-charge region which approximately is gas-microplasma, k is the Boltz‐
mann constant, and T e is the absolute temperature. This distribution gives an energy corre‐
sponding to the most probable velocity, or 0.025 eV at 300 K. The temperature, T e , associated
with a Maxwell’s distribution of a carrier population, is also called the “carrier temperature”.
Using Maxwell’s equation in which the particles are the sources for current and charge
distribution, the exact field at the position of the particle can be obtained from self-consistent
calculation. Consequently, the kinetic equation becomes
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where the left hand side contains only averaged quantities and the so-called collision terms
on the right hand side contains all microscopic interactions [28]. In general, the existence of
radiative elastic collisions (Bremsstrahlung) is the scattering of an electron by an external field,
accompanied by the emission of a photon. Considering charge-charge or charge-neutral elastic
1
is the time
v
for a charge to experience a significant deflection (i.e., change in momentum). The equation of
conversion of momentum for the species α is obtained by multiplying Eq. (7) by mνα and then

collisions, the collision frequency is calculated as follows. The collision time τ =

integrating over να . The collision term for momentum transfer can be evaluated for drifting
Maxwell distribution functions, and it is found that
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where μα and μβ are the drift velocities of species α and β . The charge-charge collision frequency
is given by
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where the symbols of α and β denote charge 1 (electron or hole) and charge 2 (hole or electron),
respectively. For charge-neutral collisions,
vqb
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where σ is the sum of the effective radii of the interacting particles and q denotes the quantum
dot which has many properties of natural atoms and is also known as artificial atom.
The optical radiation may also occur via a number of independent competing processes,
including the transfer of energy to lattice vibrations (creating one or more phonons) or to
another free electron (Auger process). Different types of transition may also take place at
surfaces and indirectly via traps or defect centers, which are energy levels associated with
impurities or defects associated with grain boundaries, dislocations, or other lattice imperfec‐
tions that lie within the forbidden band. An impurity or defect state can act as a recombination
center if it is capable of trapping both an electron and a hole, thereby increasing their proba‐
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bility of recombining. The presence of these defects and the high electric field inside the
junction result in both a reduction in free carrier density and a reduction of their mobility due
to increased scattering of the remaining free carriers with the additional charge centers [29].
Hence, impurity-assisted recombination, which is radiative, should be able to partially
characterize the light emission spectrums. More experimental analyses have been made to gain
more fundamental insight into the physical nature and origins of the light emission process in
avalanching n+p junctions [30, 31].
Avalanche breakdown has been known to occur along the depletion region, approximated
treated as “micro-plasma”, and they are visible as shining points. These luminescence microplasma spots are connected with defects of the crystal lattice and when they are excited each
“micro-plasma” site light up at its own breakdown voltage. It is noted that avalanche process
is generally known as an inherently fast process. The modulation speed for the avalanche
breakdown mode in the Si-diode LED is also determined by the RC time constant. In the
PMOSFET device, with the dynamic on-resistance R of the “P+Source/Drain to N-Substrate”
junction in the 10-2 Ω•cm range and the reverse-bias junction per-unit length capacitance in
the range of pF/cm, the RC time constant will be in the range of tens of femto-second. Although
the capacitance-voltage characteristics of reverse biased p-n junction decreases slowly with
reverse-bias voltage V sub as the depletion width W d increases with reverse-bias voltage V sub, a
strong recombination in the avalanche region will induce negative capacitance phenomena
that make the capacitance Cdep L m decreases rapidly when the Si-diode LED is fully turned on
to avalanche breakdown with hard characteristics (i.e., the multiplication factor is equal to
infinity) [32]. Therefore, it is reasonably predicted that the RC time will be in the range of tens
of pico-second, and such a time delay is capable of producing modulation in excess of 10 GHz.
The transit time of the excited carriers is given by

t0 =

Wd
vs

(11)

where W d is the depletion width of the “P+Source/Drain to N-Substrate” junction and is the
saturated drift velocity of the carriers. Here vs is also known as the thermal velocity of the
carriers, i.e.,
vs º 3 kT m @ 107 cm / s

(12)

Hence, a carrier drifting at vs ~107 cm/s through the length of the depletion region of ~2 μm
will set the theoretical limit of light modulation at 20 psec, thus leading to a switching speed
~10 GHz in the Si avalanche electroluminescence devices [33].
To find the relationship between the transit time τ0 and the reverse current I sub, the character‐
istics of the p-n junction depletion region is analyzed in detail via the rate of electron-hole
generation rate R .

Silicon Avalanche Based Light Emitting Diodes and Their Potential Integration into CMOS and RF Integrated...
http://dx.doi.org/10.5772/58968

R + DR =

( n0 + Dn)( p0 + Dp ) R = n0 p0 + p0 Dn + n0 Dp + DnDp
n0 p0

n0 p0

(13)

On the other hand, “depletion” is equivalent to saying that most of the space-charge region
will be completely depleted of carriers, and the product of excess carrier concentrations,
ΔnΔp , is a very small term that is negligible. For this case, Eq. (13) reduces to
DR Dn Dp
=
+
R
n0 p0

(14)

Thus the radiative lifetime of excess carriers is

t0
=

Dn 1 n0 p0
=
DR R n0 + p0

(15)

Within the depletion region, n0 = p0 = ni ; therefore, the effective lifetime, also called transit time,

within a reverse-biased depletion region is given by [34]

t0 =

ni
2R

(16)

and the reverse current generated in the reverse biased “P+Source/Drain to N-Substrate”
junction can also be expressed as
I sub ~ (t 0 )

-1

(17)

The transit time of excited carriers drifting at approximately the carrier saturation velocity
(which is of ~107 cm/s) to reach the depletion edge of the p-n junction is defined as the time t
required for a filament formation (which could set an upper limit to light modulation speed).
On the other hand, a localized fall in the breakdown field and enhancement of fields in the
depletion region are analyzed to further understand the transient nature of the filament
formation using the 2-D device simulator Silvaco-Atlas. Fig. 7 shows the electric field is of the
order of 105 V/cm, which implies the transit time is a few pico-seconds and the theoretical limit
of light modulation speed is of the order of a few tens of gigahertz. A p-n junction diode device
fabricated using a 0.18-µm n-well CMOS process was tested to obtain that light modulation as
high as 20 GHz could be observed in a reverse-biased silicon p-n junction operating in
avalanche breakdown mode [35]. Accordingly, these signals caused light modulation at 20
GHz frequency is given in Fig. 8.
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Figure 7. Formation and propagation of an avalanche-breakdown shockwave shows the variation in the electric field
(in V/cm) as a function of time and position (After ref. [35]).

Figure 8. Light emission and intensity measurements of a test structure at: (a) 1 GHz modulation and (b) 20 GHz mod‐
ulation. The spectrum of the emitted light is distributed between 430‒800 nm. (After ref. [35]).
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Again, Fig. 2 shows that the proposed Si-PMOSFET device which is fabricated using the
standard 3-µm CMOS process can operate as the two-terminal Si-diode LED. In the diode
mode, some characteristics of the Si-PMOSFET device are given in [20, 36].

3. Integrated gate-controlled silicon LED
In addition to the study of silicon diode LED in which the light emission is due to the avalanche
breakdown of the silicon p-n junction, this section demonstrates the performance of a gatecontrolled diode MOS-like multi-terminal device. In contrast to the silicon diode LED (i.e., a
two-terminal device), the silicon gate-controlled diode MOS-like LED (i.e., a three-terminal
device with an insulated gate on the surface of p-n junction) can use the gate terminal to
perform both spatial and light intensity modulation [37‒39]. Fig. 9 shows a cross section of the
Transconductance Light Emitting Device (TRANSLED) by using a NMOSFET device with a
self-aligned poly-silicon MOS gate overlapping an n+p drain/source junction periphery with a
gate oxide thickness of 160 Å working in the accumulation mode, the first gate-controlled threeterminal Si-LED ever reported. Accordingly, the light intensity modulation via the gate voltage
is illustrated in Fig. 10, with V DD and R L kept constant [40].

Figure 9. Schematic cross section of the three-terminal gate-controlled TRANSLED, fabricated by standard VLSI tech‐
nology (After ref. [37]).

Moreover, as shown in Fig. 11, a three-terminal Silicon-PMOSFET-like LED for optical
intensity modulation has been discussed in detail based on the concept of p+n drain/
source junction [38, 39].
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Figure 10. Light emission characteristics of the TRANSLED with constant VDD. (a) Reverse current and overall light
intensity, both a s function of VG. (b) Dependence of the overall light emission on the reverse current (After ref. [40]).

Figure 11. Schematic presentation of the Si-PMOSFET device for the case of Si gate-controlled diode LED (After ref.
[41]).

Furthermore, the silicon diode LED (Si-diode LED) is an avalanche-based LED, whereas the
silicon gate-controlled diode MOS-like LED (Si gate-controlled diode LED) is a field-emission-
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based LED. A discussion of the differences observed between avalanche (Si-diode LED) and
field emission LED (Si gate-controlled diode LED) performance is presented in [42], and it is
discovered that Si CMOS light sources appears with much higher efficiencies by using a gate
terminal to modulate the injection-avalanche p-n junction that emit at 400‒900 nm. The
enhanced intensity should be mainly due to two possible reasons. One reason is that electron
accumulation under the gate oxide with band bending will take place if the positive gate
voltage Vg is applied, thus the rate of minority carrier injection into the n-substrate is deter‐
mined jointly by the P+S/D to N-Sub bias (i.e., Vsub in this measurement because Vd=Vs=0 V)
and the gate to P+S/D bias (i.e., Vg in this measurement because Vd=Vs=0 V). At a certain PN
junction reverse bias, the injection rate could be significantly higher if the gate voltage Vg is
applied to make the diode be a gate-diode. This phenomenon is very similar to the carrier
barrier lowing effect that occurs in the lateral bipolar transistor [43]. The increased injection
rate caused by the positively increased gate voltage Vg may lead to the enhanced emission
power observed in the three-terminal device, gate-diode. The other reason why the gateddiode has obviously enhanced emission intensity is that the accumulation of electrons at the
surface of the N-Substrate confines the photon emission to the surface of the device, thus
reducing the optical absorption by the silicon material itself. In general, an improved quantum
efficiency of the gate-controlled diode Si-LED can be obtained, with respect to avalanche SiLED operating at the same reverse currents (i.e., the avalanching current Isub in this study).
In gate-controlled diode, the breakdown voltage of the p-n junction will be adjustable so that
the reverse current Isub flowing through the p-n junction at a fixed reverse-bias voltage is
changed. It is observed that the light, which is emitted from the defects located at the p-n
junction, depends closely on the reverse current Isub. In regard to the phenomenon of electro‐
luminescence, the relationship between the optical emission power and the reverse current
Isub is linear.
Assuming the depletion region of p-n junction to be a micro-plasma, the mechanism can be
approximately treated as Bremsstrahlung radiation. Usually, the electron-ion Bremsstrahlung
power emitted by the volume of plasma V p into the solid angle dΩ , and in the wavelength

interval λs → λs + dλs , is

æ nn
PBdWdls = 2.09 ´ 10 -36 gZ 2 ç 2 e i
çl T
è s e

ö
æ 1.24 ´ 10 -4 ö dW
÷ exp ç dls
÷÷ Vp
ç
÷
lsTe
è
ø 4p
ø

(18)

where Z is the charge on the ion and the Gaunt factor g is temperature and density dependent
[44]. After integration, Eq. (18) becomes
WD =

ne q 2 v Pi
me ce siwi2 A

(19)
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where W D is the average power dissipated per unit volume in units of Wm-3, ne is the carrier
concentration in units of m-3, v is the optical frequency, me is the effective mass of electron, c

is the speed of light, ωi is the angular velocity, εsi is the dielectric constant of silicon, and
Pi cεsi Eio2
=
is the incident power per unit area [45]. In accordance with the relation between
A
2
hot-carrier effects and electron temperature, the energy distribution function f (E ) of photon
intensity can be expressed as

æ E ö
f ( E ) C exp çç =
÷÷
è kTe ø

(20)

where C is a constant, E is the energy of photon, k is the Boltzmann’s constant, and T e is the

effective temperature of electron. At the same time, the relative change of electron temperature
is given by [46]
t

DTe ò0 WDdt
=
1.5k Te ne
Te

(21)

where τ is the incident pulse duration.

In the case of Si gate-controlled diode LED, higher emission efficiency obtained at lower
electric-driving power is attributed to the surface-assisted radiative transitions [39]. Ref.
describes the electrical-optical characteristics, and the theoretical calculation and the theoret‐
ical calculation and simulation modeling for the topic of modulation speed. The limiting speed
of light modulation in reverse-biased silicon p-n junction is analyzed by operating the SiPMOSFET device in the modes of Si-diode LED and Si gate-controlled diode LED. In Si-diode
LED, light emission is due to the avalanche breakdown of p+source/drain to n-substrate
junction and the modulation speed of a few tens of GHz is induced by the intraband transitions
of hot carriers and the transit time for sweeping the minority carriers out of the depletion
region. In Si gate-controlled diode LED, the p+source/drain to n-substrate junction breakdown
process is triggered by the gate voltage Vg, leading to a localized fall in the breakdown field
and enhancement of fields near the p+source/drain to n-substrate junction corner underneath
the gate, and the field of the order of 106 V/cm is higher than the critical field for avalanche
breakdown. Because of the enhancement in electric field, the light modulation speed in Si gatecontrolled diode LED will be even much higher [41].
Two additional type of multi-terminal Si-LED’s were developed, namely integrated gate
controlled (MOS-like structure) array and integrated carrier injection from nearby junction
(BJT-like structure) Si-LEDs [47].
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4. Light emission from Si-MOSFET’s operating in the saturation region
The photo-carrier generation mechanism is fundamentally related to the presence of hot
electrons at the drain end of the scaled n-channel MOSFET (N-MOSFET) in which the drainto-substrate is reverse-biased. Due to the increase in channel current, the drain-substrate p-n
junction will reach breakdown, thereby visible light is emitted from the junction region.
Furthermore, the conflict between experimentally measured result and theoretically calculated
result of the dependence of drain-source current I ds on substrate current I sub shows that there
is an secondary impact ionization induced current which is believed to be attributed to the
photo-induced process of electron-hole pair generation in the n-type substrate of the NMOSFET device. This secondarily generated hot-electron (SGHE) injection current is also
called the minority current observed in the substrate. It is noted that the minority current is
the current that is different from the substrate current I sub even if the relationship between the
two types of current is almost linear.
Since I sub is mainly due to the mechanism of impact ionization, the relationship between I sub
and I ds is given by
=
I sub I ds ò

LD

0

Ai exp éë - Bi E ( y ) ùûdy

(22)

where α = Ai exp − Bi / Ε ( y ) is the impact ionization rate, Ai and Bi are the ionization constants
and are mainly a function of silicon material parameter itself, and L D is the length of break‐
down region near the drain-to-substrate corner. Solving Eq. (22) using a quasi two dimensional
(2-D) analysis of field Ε ( y ), I sub can be derived from I ds
I=
I ds ( Ai Bi )( Vds - k Vdsat ) exp éë - LD Bi
sub

( Vds - k Vdsat )ùû

(23)

where the peak field Εm is located at V ds − κV dsat ≈ L D Εm. κ = 1 will make sense if L D is equal to

the effective ionization length L e that is defined as L e = (εsi / εox )tox X j where εsi is the permit‐
tivity of silicon, εox is the permittivity of SiO2 (i.e., the insulator layer in N-MOSFET), tox is the
thickness of the SiO2 layer, and X j is the junction depth of the drain/source region [48]. In
addition to the substrate current, the SGHE minority current is given by
I SGHE = C1(( N C qBi λm) / (Eg me Ai ))I sub where N c is the number of charged Coulombic centers per
volume, λm is the mean-free-path, Eg is the band-gap energy, and me is the effective mass of
electron. As the first two terms are both constants, I SGHE is linear with I sub. Consequently, the
relationship between I sub and the optical emission power Poptical is linear. It should be noted
that the distribution of above-mentioned hot-carrier is defined by the Boltzmann approxima‐
tion f (E ) = exp( − E / kT e ). Meanwhile, the indirect emission rate of photons in the high-field
of is expressed as [49]
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Ri ( hv ) ¥ ò

hv - Eg

0

(

)

hvf ( E ) éë1 - f ( E - hv ) ùû E hv - Eg - E dE

Substituting f (E ) into Eq. (24), it follows as

1 - f ( E - hv ) » exp éë - ( E - hv ) ( kTe ) ùû

(24)

(25)

which implies the Bremsstrahlung radiation because of the quasi-Maxwellian distribution [50].
For the case above, the modulation of light intensity is investigated through the measurement
of substrate current in NMOSFET at various gate voltages [51].

5. Realization of first iteration on-chip optical links with Si-Av LEDs, and
Si-Ge detectors
Analyses have recently been performed on the viability of integrating Si Av LEDs into standard
Si CMOS integrated circuitry or nearest related technology. For this purpose a selection of
suitable high speed avalanche diodes based on technology as described above and Si‒Ge
detector technology as developed by Polleux et al. for 650‒850 nm detection have been
implemented [52]. Several complete optical link structures comprising each of a Si Av LED,
an integrated waveguide and a Si‒Ge detector were all integrated on the same chip have been
all integrated onto the same chip, utilizing a standard Si‒Ge RF process that is routinely used
for realizing high speed RF integrated circuitry for the cellular phone industry. It was decided
to use the Si‒Ge RF process as it relates very closely to standard CMOS processes, but it gives
an added advantage of realizing Si‒Ge detectors in the integrated circuitry, which could then
operate at below 1 micron optical wavelength and at very low production factors.
Particularly the realization of suitable optical waveguides were extremely challenging using
this technology and approach, and a subsequent thorough investigation were piloted to utilize
especially standard “trench and pillar” technology as offered by standard CMOS and RF
bipolar processes in order to realize such waveguides. Fig. 12 shows some of the first iteration
attempts which includes some details of our first designs. A 0.35 μm RF bipolar process as
generally available for the fabrication of RF cell phone components was utilized for the
realization process. The process offered pillar/columnar npn epi-layer structure which could
be isolated laterally by means of various oxide as TEOS layers.
The analyses show that both silicon nitride and Si oxi-nitride offer good possibilities for
transmitting radiation at low loss in the wavelength regime 650‒850 nm. Both SiON and
Si3N5 offer high refractive index of 1.6‒1.95 and 2.2‒2.4 respectively against a background of
available SiO2 as cladding or background refractive index layers in CMOS silicon [53]. The
analytical results by Gorin et al. [54] show that a tail-off of absorption from the shorter
wavelengths towards the higher wavelengths, via high loss characteristics of 4.3 dB cm-1 at 530
nm versus only about 1 dB cm-1 at 650 nm and 0.1 dB cm-1 loss at 750 nm.
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Figure 12. Schematic presentations showing the three basic designs of the waveguides of the optical links as described
in this study, using Si Av LED, silicon based waveguides and Si‒Ge based detectors. Cross-section layouts of the re‐
spective waveguides are given for each design. All dimensions are given in micron and not to scale.

In a first design in Fig.12 (a), the waveguide structure was placed in the outer over layers of
the plasma deposit layers. A channel crevice were etched in the TEOS over layers of n=1.46
and then filled with a second TEOS layer. This layer was then densified by a thermal process,
increasing its refractive index to about 1.48. A V-shaped cross-section as defined by built-in
processing procedures was chosen in order to ensure the highest radiation coupling of the
optical source, which was of submicron dimension and spherical in nature, and which was
positioned slightly subsurface of the surface of the optical source columnar structure.
In a second design as in Fig 12 (b), an etched crevice of 0.4 micron in the first TEOS layer was
filled up with a silicon nitride over layer, followed by further CVD deposited TEOS oxide overlayers. Hence a high refractive index core of “n=2.4” are formed with a surrounding index of
“n=1.46”.

133

134

Advances in Optical Communication

In a third design, as in Fig 12 (c), the lateral width of the silicon nitride layer was reduced to
about 0.3 micron in order to form a narrow higher index core, which would enable a less multimode propagation and lower dispersion of the optical radiation from the source. At shorter
wavelengths, silicon nitride and silicon oxi-nitride reveals higher absorption coefficients with
good detection efficiency with respect to silicon detectors in a small space volume, while longer
wavelengths reveals lower loss transmission but with less efficiency in detection in silicon
detectors per unit space volume of silicon.

6. AC analysis for the optical links
The RF coupling between the source and the detectors in the on-chip optical micro-links were
analysed with a HP 50GHz vector network analyzer (VNA) series 8510 (50 MHz‒40 GHz).

Figure 13. RF Simulation circuitry and plot used for RF coupling analyses of design waveguide-Design1as in Fig. 12
(a).

Simple AC network models of the structure were constructed for each test structure. Fig.
13(a) shows such a circuit for TS1 in simulating the optical link between source and detector.
In essence, electrical-to-electrical (E/E) components are microwave two-port circuits and these
contained calculated lumped elements for each component as seen by the source signal when
placed at the modulation input of the optical source. The value of each lumped element was
calculated using known device Design 1 structure dimensions, doping, resistivity and
dielectric coefficients of the respective oxide layers. During model circuit simulations, the
output power in dB was plotted against the frequency as shown in Fig 13(b).
If such lateral capacitance was indeed present between the detector and the optical source a
higher coupling would be observed as modulation frequency is increased. More specifically,
an increased RF coupling is observed with increase in frequency, due to the non-linear
capacitive coupling.
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From our calculations and simulation analyses from the simple waveguide AC network model,
the oxide coupling in the structure seems to have a residual-80 dB parasitic coupling when no
optical signal was administered at the Si Av LED.
Fig 14 shows some final coupling results for two of the realized optical link structures with
regard to utilizing well aligned Si Av LEDs as light emitting sources, an optical waveguide of
the type as in Fig. 14(b) and standard Si-Ge detectors as realized by Polleux et al. [52].

Figure 14. RF coupling results for the realized on-chip micro-optical links. S21 values are indicated as red curves, while
S12 are indicated as blue curves. The RF signals were applied at Si Av LED type of devices as elucidated in this chapter
(After ref. [53]).

The analyses show clearly higher S21 than S12 for most of the frequency range as investigated.
This clearly indicates that some optical propagation did occur along the waveguide. The high
S12 value that is observed at higher frequencies is attributed to parasitic conduction along the
semi-insulating substrate, when specific capacitance values are analyzed according to the
model as in Fig. 12. The capacitive coupling along the oxide layer seems to be minimal and of
several orders lower. The fact that higher S21 than S12 is observed up to about 30 GHz and
beyond is indicative of the high potential modulation frequencies that can be achieved with
Si Av LEDs and even Si-Ge forward bias configurations. Certain design aspects of these
structures could still be much improved.
Particularly, further work has been done in utilizing a graded junction concept in order to
increase the emission intensity of light as emitting from Si Av LEDs and a high intensity 100
nW 5 GHz Si Av LED using the 0.35 μm micro RF bi-polar process has recently realized [55].
Latest results indicate that due to the enhanced scattering as realized for the highly energized

135

136

Advances in Optical Communication

electrons when they penetrate enhanced scattering zones as offered by higher densities of
dopant atoms in traverse regions of the device, increases emission intensities substantially.
Currently about 100 fold increase in emission intensities was observed as compared to normal
p-n junction configurations. Some tentative results have recently been published in this regard,
but substantial refinement still needs to be performed [55]. The concepts as utilized in this
device design, relates largely to the carrier recombination and carrier scattering concepts as
elucidated in Section 2 of this chapter. It can be anticipated that utilizing this technology in
optical link structures, may enhance the preliminary optical link performances as obtained
above even more.

7. Conclusion
This chapter discusses a topic of interest, namely the phenomenon of light emission from
silicon devices. This topic is important since the search for light emitting devices compatible
with the CMOS technology and having an efficiency which is useful for certain applications,
is still drawing a lot of attention. Further, this is a potential device that can be fully integrated
with any standard CMOS integrated circuitry with no adaptation of the CMOS design and
processing procedures [56].
Moreover, light emission from Si NMOSFET operating in the saturation region is reviewed,
and it is believed that the light emission is due to the snap-back breakdown that occurs at the
high field region near the corner between drain and substrate [57, 58]. The type of light emission
is also a sensitive hot-carrier degradation monitor [59].
In applications where high speed data transfer and modulation are required, it is founded that
the potential high modulation bandwidths with avalanche-based Si light emitting devices (Si
Av LEDs) could be of the order of a few tens of GHz in theory [36, 41]. In order to further
analyze the high-speed light modulation in avalanche breakdown mode for Si diodes, Snyman
et al. utilize the concepts of graded junction, carrier energy and momentum engineering to
realize a high intensity 100 nW 5 GHZ Si Av LED using the 0.35 μm micro RF bi-polar process
[55], and the silicon light source in combination with silicon-nitride (SiN) based waveguides
and high speed silicon-germanium (Si-Ge) based optical detectors [53].
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1. Introduction
Coherent optical orthogonal frequency division multiplexing (CO-OFDM) is a modulation
format that attracted wide interest due to its high spectral efficiency (SE) and robustness
against chromatic dispersion (CD) and polarization mode dispersion (PMD). CO-OFDM
communication systems with coherent detection combine high SE and high receiver sensitivity
[1], [2]. CO-OFDM transmission at 1 Tb/s can be realized [1]. OFDM is implemented using fast
Fourier transform (FFT) which results in inter carrier interference (ICI) and inter symbol
interference (ISI) [1], [2]. Usually, in order to avoid ICI and ISI, a so-called cyclic prefix (CP) is
inserted into OFDM symbols. The addition of CP requires an increase of a bandwidth and
sampling rate of analog-to-digital converter (ADC) and digital-to-analog converter (DAC)
decreasing SE [1], [2]. The need for CP can be avoided if the wavelet packet transform (WPT)
is used in CO-OFDM systems instead of Discrete Fourier Transform (DFT) and inverse DFT
(IDFT) [2]. In such a case, a signal can be expanded in an orthogonal set of so-called wavelets
[1], [2]. WPTs provide orthogonality between OFDM subcarriers based on the wavelets instead
of sinusoids. Wavelets have finite length. For this reason, wavelet transforms (WTs) have both
frequency and time localization. It has been shown that WPT-OFDM single-polarization
system can mitigate CD of 3380 ps/nm at bit rate of 112 Gb/s [1].
An alternative real-time multiplexing technique characterized by a high SE is the Nyquist
wavelength division multiplexing (N-WDM) [3]. N-WDM is made up of temporal sincpulses [3]. Electrically generated Nyquist pulses are shaped with finite duration impulse
response (FIR) filters, have nearly rectangular spectra, and are transmitted in independ‐
ent WDM channels [3]. For the higher order filters the spectrum approaches to a rectan‐

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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gle, and the inter channel guard bands can be kept small without introducing ICI [3]. NWDM has been investigated both theoretically and experimentally [3], [4]. For the
polarization-multiplexed quadrature phase-shift keying (PM-QPSK) transmitter based on
two QPSK integrated modulators in nonreturn-to-zero (NRZ) modulation regime, and
standard single mode fiber (SSMF) with the typical values of parameters such as bit rate
of 111 Gb/s per channel, loss 0.22dB/km, dispersion 16.7 ps/nm/km, noise-figure 5 dB,
BER=4x10-3 at the maximum distance of 2300 km, performance of CO-OFDM and NWDM techniques appeared to be similar [3],[4].
Recently, dual-polarization transmission has been investigated as a promising technique for
future high bit rate communication systems [1], [5]. In such a case, the optical fiber twoinput two-output channel model is described by a two-element Jones vector for any OFDM
symbol on a subcarrier [6]. In Fourier transform (FT) based optical OFDM (FTO-OFDM),
individual subcarriers are single-sideband, and the phase dispersion caused by CD and
PMD can be compensated. In WPT-OFDM systems, on the contrary, the modulated signals
are double-sideband. Unlike CD, PMD does not possess the phase symmetry [5]. Conse‐
quently, the Jones matrixes for the positive and negative sidebands are not equal, the
dispersions of the two sidebands are different, and their addition does not represent the
initial real WT basis. As a result, the orthogonality is broken, and inter-packet-interfer‐
ence occurs [7].
We proposed a novel type of CO-OFDM based on the dual-tree complex WPT (DT-CWPT)
recently developed by N. Kingsbury [7]. DT-CWPT utilizes two wavelet filter banks (FBs) [8].
1.

A first wavelet FB is used in the discrete WT (DWT).

2.

A second wavelet FB is constructed in such a way that its impulse responses are approx‐
imately the discrete Hilbert transforms of the first wavelet FB.

The first and the second FBs are the real and imaginary parts of the DT-CWPT, respectively.
We have shown that PMD can be compensated by digital signal processing using a DT-CWPT.
SE and the transmission distance are substantially increased. Numerical simulations show that
the 1 Tb/s single-channel CO-OFDM transmission with high SE of 7.88 bit/s/Hz over the
distance of 1800 km can be realized.
The proposed Chapter is constructed as follows. In Section 2, we discuss the fundamentals of
CO-OFDM systems; in Section 3, the WPT based OFDM systems are considered; PMD
influence on the CO-OFDM dual-polarization transmission is reviewed in Section 4. In Sections
5 and 6, the structure and the properties of CO-OFDM system based on DT-CWT and DTCWPT are described, respectively. In Section 7, the original results are presented for the DTCWPT based single-channel CO-OFDM transmission system including a laser-diode and
Mach-Zehnder external modulator. We describe the methods of the CD, PMD, and nonlinear‐
ity mitigation and present the numerical simulations results. Conclusions are presented in
Section 8.
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2. Fundamentals of CO-OFDM systems
In this Section, we consider the fundamentals of CO-OFDM communication systems OFDM
is a kind of multicarrier modulation (MCM) where the data information is carried over many
lower rate subcarriers [9]. The block diagram of an OFDM system is shown in Fig. 1 [9].

Figure 1. A diagram of OFDM system.

The fundamental advantages of OFDM are its robustness against channel dispersion and the
ease of phase and channel estimation in a time-varying environment; the essential disadvan‐
tages of OFDM are high peak-to-average power ratio (PAPR) and sensitivity to frequency and
phase noise [9]. The MCM transmitted signal is represented as follows [9].
s (t ) =

¥ N sc

å å cki sk ( t - iTs )

(1)

sk ( t ) = P ( t ) exp ( j 2p f k t )

(2)

( 0 < t £ Ts ) üï
ý
( t £ 0, t > Ts )ïþ

(3)

i = -¥ k = 1

ìï1,
P (t ) =
í
ïî0,

where cki is the i-th information symbol at the k-th subcarrier, sk is the waveform for the k-th
subcarrier, N sc is the number of subcarriers, f k is the frequency of the k-th subcarrier, T s is the

symbol period, and Π (t ) is the pulse shaping function. The detected information symbol c ′ki
is given by [9].
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T

1 s
c¢ki = ò r ( t - iTs ) exp ( - j 2p f k t ) dt
Ts 0

(4)

where r (t ) is the received time domain signal. In the case of the classical MCM nonoverlapped
bandlimited signals are used which results in the excessive bandwidth and decrease of SE. In
the case of OFDM, the overlapped orthogonal signal sets are determined by the following
condition for any two orthogonal subcarriers [9].

1
Ts

Ts

ò sk sl dt = d kl
*

(5)

0

Substituting expression (2) into (5) and carrying out the integration we obtain.

exp éë jp ( f k - fl ) Ts ùû

sin éëp ( f k - fl ) Ts ùû
ép ( f k - fl ) Ts ù
ë
û

=
d kl

(6)

The orthogonality condition (6) is satisfied for the following relationship between the subcar‐
rier frequencies
1
fk =
- fl m =
; m 1,2,...
Ts

(7)

In such a case, the orthogonal subcarrier sets can be recovered with the matched filters without
ICI even for the strong signal overlapping [9]. OFDM modulation and demodulation can be
implemented by using IDFT/DFT where the m-th samples sm and rm of the MCM transmitted
and received signals s (t ) and r (t ), respectively, are given by [9].
N
é
( k - 1)( m - 1) ù = F -1 c ; c¢ = F r
sm = å ck exp ê j 2p
ú
{ k } k { m}
N
k =1
ëê
ûú

(8)

Here F {rm} is the Fourier transform,
m ∈ 1, N , f k = (k − 1) / T s ; k ∈ kmin + 1, kmin + N , kmin is an arbitrary integer, and T s / N is the
sampling interval. Expressions (8) show that the discrete value of the transmitted signal s (t )
is an N -point IDFT of the information symbol ck , and the received information symbol c ′k is
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an N -point DFT of the received sampled signal rm [9]. The PAPR of the OFDM signal is given

by the following expression [9]:

{ } {() }

PAPR = max s ( t )

2

/E s t

2

, t Î éë0,Ts ùû

(9)

where max{ | s (t ) | 2} and E { | s (t ) | 2} are the maximum value and the expectance of | s (t ) | 2.
In order to implement IDFT/DFT DAC and ADC are needed. IDFT/DFT is characterized by
two important advantages [9].
1.

The computation complexity measured with the number of complex multiplications is
reduced to ( N / 2)log2( N ) which is almost linear with respect to the subcarriers number
N.

2.

The OFDM system architecture is relatively simple. It does not require complex radio
frequency (RF) oscillators and filters.

OFDM is characterized by the ISI and ICI as it was mentioned above. These phenomena are
caused by a large number of subcarriers [9]. CP, i.e. the cyclic extension of the OFDM waveform
into the guard interval (GI) ΔG , has been proposed in order to prevent ISI and ICI [9]. If the GI

is long enough to contain the intersymbol transition, then the remaining part of the OFDM
symbol satisfies the orthogonality conditions (6), (7) and receiver cross-talk occurs only within
GI [10]. The addition of CP requires an increase of a bandwidth and sampling rate of ADC and
DAC. CP is an easily recognizable feature of an OFDM system which results in the signal
vulnerability to interception by surveillance receiver [11]. Hence, the elimination of CP reduces
the probability of interception and improves SE [11]. CP can be inserted implicitly into the
definition of the MCM transmitted signal s (t ) (1)-(3) by modification of equation (3) which
takes the form [9].
ìï1,
P (t ) =
í
ïî0,

( -DG < t £ Ts ) üï
ý
( t £ -DG , t > Ts )ïþ

(10)

OFDM is characterized by the dispersion robustness, high SE, possibility of linear and
nonlinear impairment mitigation [9]. For this reason, OFDM appeared to be an attractive longhaul transmission format for the optical communication systems [9], [12], [13].
The optical communication systems can be divided into two groups. The first group is
based on optical wireless, multimode fiber (MMF) systems and plastic optical fiber (POF)
systems where the OFDM signal is represented by the intensity of the optical signal; the
second group is based on the single mode fiber (SMF) techniques where the OFDM signal
is represented by the optical field [13]. The first group uses the direct detection techni‐
que, while the second group uses the coherent detection technique [9]. The optical OFDM
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systems based on the coherent detection are called CO-OFDM [9], [12]. A generic COOFDM system consists of five functional blocks: the RF OFDM transmitter, the RF-tooptical (RTO) up-converter, the optical channel, the optical-to-RF (OTR) down-converter,
and the RF OFDM receiver with the coherent detector [12]. CO-OFDM manifests higher
receiver sensitivity, SE, and robustness against polarization dispersion [9]. CO-OFDM can
achieve high SE by overlapping subcarrier spectrum and at the same time avoiding
interference by using coherent detection and signal set orthogonality [9], [12]. CO-OFDM
communication systems are characterized by the linearity in RTO up-conversion and opticalto-RF (OTR) down-conversion [9], [12]. The electrical bandwidth requirements for the COOFDM transceiver can be greatly reduced by using direct up/down conversion which results
in the low cost of the high-speed electronic circuits [9], [12]. SE η of the CO-OFDM system
is given by [9], [12].

h=

2R
BOFDM

» 2a ; a =

ts
Ts

(11)

where R = N sc / T s is the total symbol rate, BOFDM = (2 / T s ) + ( N sc − 1) / ts is the OFDM band‐
width, N sc ≫ 1, the factor of 2 accounts for two light wave polarizations in the fiber, and ts is
the observation period.
CO-OFDM communication systems possess the following advantages as compared to the
intensity modulation with direct detection (IM/DD) systems [14].
1.

The shot-noise limited receiver can be achieved with a sufficient local oscillator (LO)
power.

2.

The frequency resolution at the intermediate frequency (IF) or baseband stage is high
enough in order to separate close wavelength-division multiplexed (WDM) channels in
the electric domain.

3.

The phase detection improves the receiver sensitivity compared with IM/DD systems.

4.

The advanced multilevel modulation formats can be introduced into optical communi‐
cations by using phase modulation.

CO-OFDM communication systems can achieve high SE transmission through higher order
modulation such as 64-QAM in single polarization and 16-QAM in dual polarization due to
the DACs at the transmitter [9]. As a result, CO-OFDM techniques can be applied to the optical
long-haul transmission at 100 Gb/s and beyond [9]. Recently, the 1.15 Tb/s no-guard-interval
CO-OFDM (NGI-CO-OFDM) DP-QPSK superchannel transmission over the distance of 4520
km with SE=3.75b/s/Hz with BERs below the stringent forward error correction (FEC) limit
has been demonstrated experimentally [15]. The pure silica core fiber and the erbium doped
fiber amplifier (EDFA) have been used [15].
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3. WPT based CO-OFDM systems
Conventional CO-OFDM systems based on DFT and IDFT can be replaced with WPT based
CO-OFDM [1]. The sinusoidal functions are infinitely long in the time domain while
wavelets have finite length being localized in time and in frequency domains [1]. Wave‐
let signal analysis can be a base for an effective computational algorithm which is faster
and simpler than FFT [16]. Wavelets have been used in optical communications for timefrequency multiplexing and ultrafast image transmission [16]. A signal may be expanded
in an orthogonal set of wavelet packets (WPs) as the basis functions, each channel occupies
a wavelet packet (WP), and IDWPT/ DWPT are used at the transmitter and receiver,
respectively [1], [16]. The theory and possible applications of continuous wavelet trans‐
form (CWT) and DWT are presented in [1], [16]-[19].
In particular, CO-OFDM system SE can be improved by avoiding CP. The problem of the CP
elimination can be solved by using WPT-OFDM [16]. A mitigation of CD of 3380 ps/nm at 112
Gb/s without CP in the WPT-OFDM system has been demonstrated [1]. Typically, WPT-OFDM
optical communication systems are single-polarization. However, the dual-polarization
transmission is a promising technique for 1 Tb/s Ethernet transport [1]. Here we present some
definitions and relationships essential for DWT applications.
CWT W T (a, τ ) of a given function f (t ) with respect to a mother wavelet (MW) ψ (t ) is defined
as follows [17], [18]:

WT ( a ,t ) =

1
a

¥

òy

-t ö
ç
÷ f ( t ) dt
è a ø

*æt

-¥

(12)

where the real numbers a and τ are the scaling and shifting, or translation parameters,
respectively, and asterisk means complex conjugation. Note that in many practically important
cases MW ψ (t ) is real. The functions ψ a,τ (s ) = | a | −1/2ψ ((s − τ ) / a) are called wavelets [18]. The
set of wavelets is orthogonal and can be used as a basis instead of sinusoidal functions [16]. It
is possible to localize the events described by f (t ) in time and frequency domains simultane‐
ously by means of WT choosing the appropriate values of the parameters a and τ [17].
DWT is given by [17], [18]
¥

(

)

WTm ,n ( a ,t ) = a0- m / 2 ò y * a0- mt - nt 0 f ( t ) dt
-¥

(13)

where m, n ∈ Z , Z is the set of all integers, and the constants a0 > 1, τ0 > 1. Comparison of eqs.
(12) and (13) shows that a = a0m and τ = nτ0a0m [17]. The orthogonal wavelet series expansions
can be successfully used in DSP and multiplexing when the scaling and translation parameters
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are discrete [17]. In such a case, a signal s (t ) ∈ V 0 can be represented by a smooth approximation
at resolution 2M , obtained by combining translated versions of the basic scaling function
ϕ (t ), and M details at the dyadic scales a = 2l , (l = 1, 2, ..., M − 1) obtained by combining shifted
and dilated versions of the MW ψ (t ) as follows [17].

(

)

M

(

s ( t ) = å 2 - M / 2 c M éë k ùû f 2 - M t - kDt + åå 2 - l / 2 dl éë k ùûy 2 - l t - kDt
k

l =1 k

)

(14)

Here a subspace V 0 ∈ L 2(R ), L 2(R ) is a the linear vector space of square integrable functions,
2−l /2ϕ (2−l t − kΔτ ) and 2−l /2ψ (2−l t − kΔτ ) are the orthonormal bases for the subspaces V l ∈ L 2(R )

and W l ∈ L 2(R ), respectively, V l ⊥ W l , (l, k ) ∈ Z , cl k and dl k are the scaling and detail
coefficients, respectively, at resolution 2l , Δτ is the time interval coinciding with the inverse
of the free spectral range (FSR).

Figure 2. Block diagram of WPT-OFDM communication system. PBC/PBS: polarization beam Combiner/Splitter.

The block diagram of the WPT-OFDM communication system is shown in Fig. 2 [1]. In WPTOFDM system each channel occupies a wavelet packet which plays a role of a subcarrier in
wavelet domain. At the transmitter, IDWPT reconstructs the time domain signal from wavelet
packets [1]. At the receiver, DWPT is used for the decomposition of the time domain signal
into wavelet packets. The decomposition is carried out by means of successive low-pass and
high-pass filtering in the time domain [1]. For WPT-OFDM, the basis function wavelets are
finite in time, and the inter-symbol orthogonality in WT is caused by the shift orthogonal
property of the waveforms [1], [17], [18]. In WT, symbols are overlapped in time domain [1].
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As a result, the symbol duration increases. The symbol duration increase, in turn, provides the
CD tolerance and eliminates the need for CP [1].
Real-valued wavelets are used for the real signal processing [1]. However for fiber optic
channels, the up-conversion to the optical domain generates two spectral sidebands: a positive
sideband and a negative one [1], [5]. In such a case, PMD influence on WT-OFDM is essential.
It will be considered in Section 4.

4. PMD influence on the CO-OFDM communication system performance
In this Section we consider PMD in CO-OFDM communication systems and its influence on
their performance [1], [5], [6], [9]. CO-OFDM transmission system can be defined as 2 × 2
multiple-input multiple-output (MIMO)-OFDM channel in the presence of polarization
dispersion effects [7]. SMF supports two degenerate modes of orthogonal polarization [9].
However, the degeneracy may be broken due to the asymmetry in fiber geometry caused by
the manufacture process or mechanical stress [9]. In such a case, a fiber birefrigence
B = | nx − ny | occurs where nx, y are the refractive indices for x and y polarization, respectively

[9]. An optical signal with the wavelength λ propagating through the SMF is coupled from
one polarization to the other with the coupling period L B = λ / B [9]. Typical values of these

parameters are B ≈ 10−7, L B ≈ 10m at λ = 1.5µm [9]. Then, the transmitted OFDM time-domain
signal s (t ) (1) and the i-th information symbol at the k-th subcarrier cki (2) should be replaced
with the Jones vectors for the two polarizations given by [6], [9].
æ cx ö
æ sx ö r
s ( t ) = ç ÷ ; c ki = ç kiy ÷
ç sy ÷
çc ÷
è ø
è ki ø

(15)

GI ΔG in such a case must be long enough in order to handle the fiber CD and PMD. It takes
the form [6], [9].

DG ³

c
f2

Dt N sc Df + ( DGD )max

(16)

where c is the speed of light, f is the optical carrier frequency, Dt is the total accumulated CD
in units of ps/pm, Δf is the subcarrier channel spacing, and (DGD )max is the maximum

budgeted differential-group-delay (DGD) which is typically chosen to be of 3.5 times of the
mean PMD in order to satisfy inequality (16). The Jones vector of the received symbol
→
t
c ′ki = (c ′ki x , c ′ki y ) with a sufficiently long symbol period for the k-th subcarrier in the i-th OFDM
symbol is given by [6], [9].
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ur
r
r
c¢ki= exp ( jfi ) exp jF D ( f k ) Tk c ki + nki

(

)

(17)

→
where n ki = (nkix , nkiy )t is the noise including two polarization components, ϕi is the OFDM

symbol phase noise, or common phase error (CPE) caused by the phase noises from the lasers

and RF LOs at the transmitter and receiver, ΦD ( f k ) = πcDt f k2 / f 2 is the phase dispersion caused
by the fiber CD, T (k ) is the Jones matrix for the fiber link given by [6], [9].
T ( k )=

N

ïìæ 1 ur

l =1

î

1 ur ö ur ïü

Õ exp íïçè - 2 j b l fk - 2 a l ÷øg s ýï
þ

(18)

→
N is the number of PMD and polarization dependent loss (PDL) cascading elements, βl is the
→
→
l-th element birefringence vector, α l is the l-th element PDL vector, and σ is the Pauli matrix

vector.

The CO-OFDM system architecture in the fiber optic channel can be divided into four groups
related to the number of the transmitters and receivers used in the polarization dimension [6],
[9].
1.

Single-input single-output (SISO) where one optical OFDM transmitter and one optical
OFDM receiver are used for CO-OFDM transmission.The SISO configuration is suscep‐
tible to the polarization mode coupling in a fiber. It requires a polarization controller (PC)
before the receiver in order to align the input signal polarization with the LO polarization.
However, in the case of large PMD, PC cannot prevent the polarization rotation between
subcarriers. As a result, SISO CO-OFDM is susceptible to polarization-induced fading and
should not be implemented in applications.

2.

Single-input two-output (SITO) where one optical OFDM transmitter and two optical
OFDM receivers are used, one for each polarization. In such a system, PC is not needed.
SITO CO-OFDM system is resilient to PMD when the polarization diversity receiver is
used. The PMD in the fiber link may even improve the system margin against PDLinduced fading.

3.

Two-input single-output (TISO) where two optical OFDM transmitters and one optical
OFDM receiver are used. This time, each transmitter is used for one specified polarization.
The PC is not needed at the transmit end. The polarization diversity transmitter can
achieve PMD resilience. In the TISO scheme, the same information symbol is repeated in
two consecutive symbols which results in the electrical and optical efficiency reducing by
half and the two times increase of the optical signal-to-noise ratio (OSNR) requirement as
compared to SITO scheme.

4.

Two-input two-output (TITO) where a polarization diveristy optical OFDM transmitter
and a polarization diveristy optical OFDM receiver are used. In such a scheme, the
transmitted OFDM information symbol cik is considered as polarization modulation or
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polarization multiplexing. Hence, the channel capacity is doubled as compared to the
SITO scheme. The PMD rotates subcarrier polarization and does not influence the channel
capacity doubling. In the case of the TITO scheme, the polarization diversity receiver
permits to avoid the polarization tracking at the receiver.
Comparison of the properties of the different CO-MIMO-OFDM architectures shows that
SITO-and TITO-OFDM are the preferred configurations [9].
Consider the PMD influence on the transmission in a 2x2 MIMO CO-OFDM system. In such
a case, the Jones matrix (18) for the fiber link on the k-th subcarrier in the first-order PMD
approximation is given by [1], [5].
éexp ( - jp f kt link )
ù
0
T ( k ) = M -1 ê
úM
0
exp ( jp f kt link ) ûú
ëê

(19)

where τlink is the DGD of the link, and the matrix M has the form.
é æq ö
æ jö
æq ö
æ j öù
êcos ç ÷ exp ç - j ÷ - sin ç ÷ exp ç - j ÷ ú
è2ø
è 2ø
è2ø
è 2 øú
M=ê
ê
æq ö
æ jö
æq ö
æ jö ú
cos ç ÷ exp ç j ÷ ú
ê sin ç ÷ exp ç j ÷
è2ø
è 2ø
è2ø
è 2 ø ûú
ëê

(20)

Here θ, φ are the polar and azimuth angle of the principle state of polarization. In FTO-OFDM
systems, the individual subcarrier is single-sideband by nature, and ΦD ( f k ), T (k ) can be

estimated and compensated [5]. In WT based OFDM systems the modulated signals are
double-sideband as it was mentioned above. CD influence on such a system is insignificant
since the two sidebands have the same phase dispersion: ΦD ( f k ) = ΦD ( − f k ). On the contrary,
PMD does not have phase symmetry: T (k ) ≠ T ( − k ). As a result, at the receiver two sidebands
experience two different dispersions, and their addition does not reproduce the real wavelet
basis, the orthogonality is broken, and the inter-packet-interference occurs [1], [5]. The WPTOFDM systems are more susceptible to PMD then conventional FT-OFDM systems [1], [5].

5. Dual-Tree Complex Wavelet Transform (DT-CWT)
DWT has two main disadvantages [7], [8].
1.

It is not shift-invariant. For this reason, the small shift in the input signal can cause major
variations in the energy distribution between DWT coefficients at different scales.

2.

It is characterized by a low directional selectivity for the diagonal elements since the
wavelet filters are separable and real.
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The DT-CWT has been proposed recently [7], [8]. DT-CWT consists of two WTs operating in
parallel on an input signal [8]. In order to construct a DT-CWT, each sub band should be
repeatedly decomposed using low-pass/high-pass PR FBs [8]. The response of each branch of
the second WP FB is the discrete Hilbert transform of the corresponding branch of the first WP
FB [8]. These WTs correspond to two FBs. The block diagram of DT-CWT is shown in Fig. 3 [8].

Figure 3. The DT-CWT consists of two wavelet FBs operating in parallel.

The first wavelet FB is determined by DWTs, the second FB contains the discrete Hilbert
transforms of the first wavelet FB [8]. The first FB is the real part and the second FB is the
imaginary part of the CWPT [8].
The wavelet function ψ (t ) associated with the first FB and the corresponding scaling function
ϕ (t ) have the form [8].
=
y (t )

2 å h1 ( n )f ( 2t - n=
); f ( t )
n

2 å h0 ( n )f ( 2t - n )
n

(21)

For an orthonormal wavelet basis, the LPFs and high-pass filters (HPFs) have the following
relationships H 1(e

jω

) = − e − jωd H 0∗(e j (ω−π )), or equivalently h 1(n ) = ( − 1)n h 0(d − n ) where d is an

odd integer [8]. The wavelet function ψ ′(t ) and the filters h ′0(n ), h 1′(n ) for the DT-CWPT
imaginary part are defined in a similar way [6]. The filters {h 0(n ), h 1(n )} and {h ′0(n ), h ′1(n )}

are assumed to be finite impulse response (FIR) conjugate quadrature filter (CQF) pairs [8]. In
the case of the ideal DT-CWT we have.
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y c ( t ) = H Hilbert {y ( t )}

(22)

where ΗHilbert {ψ (t )} is the Hilbert transform of ψ (t ) and the complex wavelet ψ (t ) = ψ (t ) + jψ ′(t )

is approximately analytic [20]. In order to satisfy the perfect reconstruction (PR) conditions, the
filters are designed in such way that the two low pass filters (LPFs) should satisfy the halfsample delay condition: h ′0(n ) ≈ h 0(n − 0.5) [20]. If each wavelet ψ (t ), ψ ′(t ) are orthogonal to their
integer translates, then the Hilbert relation between them is satisfied under the condition [8]:

(

)

(

)

H 0¢ exp ( jw ) = exp ( - j 0.5w ) H 0 exp ( jw ) , w < p

(23)

Then, for the HPFs we have [8]

(

)

(

)

H1¢ exp ( jw ) = - j sgn (w ) exp ( j 0.5w ) H1 exp ( jw ) , w < p

(24)

Here sgn is the signum function, H ′0,1(exp( jω )), H 0,1(exp( jω )) are the z-transforms of
h

′

0,1

(n ), h 0,1(n ) on the unit circle, respectively [8]. It can be shown that the first stage of the DT-

CWT must be different from the following stages [8]. The equivalent response H
of the kth stage of the first FB terminated with H 1(exp( jω )) for k > 1 is given by:

( (

k
H ( ) exp ( jw ) = H1 exp j 2 k -1w

(

)

)) Õ H ( exp ( j2 w )) , w < p
k -2

m=0

m

0

(k )

(exp( jω ))

(25)

( )

k
The equivalent response H ′ (exp( jω )) of the second FB’s corresponding branch can be

obtained by replacing H i with H ′i given by [8]:
k
k
H ¢( ) exp ( jw ) = - j sgn (w ) exp ( j 0.5w ) H ( ) exp ( jw ) , w < p

(

)

(

which is equivalent to the relationship
k
( )
H ′ (exp( jω )) = − exp( j0.5ω )ΗHilbert {H k (exp( jω ))} [8]
( )

DT-CWT has the following properties [7].
1.

Approximately shift-invariance.

2.

Good directional selectivity in 2 dimensions.

3.

Perfect reconstruction (PR) using short linear-phase filters.

)

(26)
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4.

Limited redundancy.

5.

Efficient order-N computation.

6. Dual-Tree Complex Wavelet Packet Transform (DT-CWPT)
DT-CWT can be generalized to DT-CWPT by using the bases of discrete wavelet packet
transforms (DWPTs). DT-CWPT is approximately shift-invariant, provides a geometrically
oriented signal analysis in multiple dimensions and permits the transformation of a doublesideband spectrum into an approximately single-sideband one [7], [8]. The invert DT-CWPT
is provided by the inversion of its real and imaginary parts [8].
The construction of the DT-CWPT requires the repeated decomposition of the sub bands by
using low-pass/high-pass PR FBs [8]. The PR FBs should be chosen in such a way that the
response of each branch of the second wavelet packet FB is the discrete Hilbert transform of
the corresponding branch of the first wavelet packet FB [8]. Under this condition, each sub
band of the DT-CWPT will be analytic [8]. Taking into account that the discrete Hilbert
transform is a linear time-invariant (LTI) system we can write the following relationships for
the discrete Hilbert transform pair of the filters g (n ), h (n ) [8].

(

)

(

)

) (

)

(

) (

G exp ( jw ) = j sgn (w ) H exp ( jw ) , w < p

(

(27)

)

G exp ( jw ) C exp ( jw ) = j sgn (w ) H exp ( jw ) C exp ( jw ) , w < p

(28)

Then, the convolutions g (n ) ∗ c (n ), h (n ) ∗ c (n ) are also a discrete Hilbert transform pair [8].
It has been shown that a DT-CWPT consisting of two wavelet packet FBs operating in parallel
can be produced where some filters in the second wavelet packet FB are the same as those in
the first wavelet packet FB [8].
The first of these two wavelet FBs for a four-stage DT-CWPT is shown in Fig. 4 [8]. The second
( )
( )
wavelet packet FB is obtained by replacing the first stage filters h i 1 (n ) with h i 1 (n − 1) and by
replacing h i (n ) with h ′i (n ) for i ∈ {0, 1} [8]. The filters F i are unchanged in the second wavelet

packet FB [8].

In order to demonstrate the development of the M-band DT-CWT based on the Hilbert pairs
of M-band wavelets, consider the construction of the four-band DT-CWT (M=4) from a given
( )
( )
two-band DT-CWT which is defined by a two-channel orthonormal FB {h 0 2 (n ), h 1 2 (n )}

( )
( )
associated with the scaling function ϕ 2 (t ) and the wavelet ψ 2 (t ) [8]. Their Fourier transforms
(FTs) have the form [8].
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Figure 4. First wavelet packet FB of a four-stage DT-CWPT.
¥ é
1
2
2 æ w öù
2)
F ( ) (w ) =
(w )
Õ ê 2 H0( ) çè 2l ÷øú; Y ( =
û
l =1 ë

2 æw ö
2 æw ö
H1( ) ç ÷ F ( ) ç ÷
2
è2ø
è2ø

1

(29)

A two-band DT-CWT can be created if we have a second two-channel orthonormal FB

{h ′(02)(n ), h ′(12)(n )} with the associated scaling function ϕ ′(2)(t ) and the wavelet
(2)
(2)
( )
( )
ψ ′ (t ) = ΗHilbert {ψ 2 (t )}, where the complex wavelet ψ 2 (t ) + jψ ′ (t ) is analytic [8]. In order to
construct a four-band CWT, another two-channel orthonormal FB { f 0(n ), f 1(n )} is necessary

[8]. The corresponding four-channel orthonormal FB, i.e a DWPT is shown in Fig. 5 [8].
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Figure 5. Discrete wavelet packet transform (DWPT).

A second WPT such that the wavelets associated with the two WPTs form the Hilbert transform
pairs is given by [8].
4
2
2
H 0( ) exp ( jw ) = H 0( ) exp ( jw ) H 0( ) exp ( j 2w )

)

(30)

4
2
2
H1( ) exp ( jw ) = H 0( ) exp ( jw ) H1( ) exp ( j 2w )

)

(31)

(

)

(

(

)

)

(

(

)

(

4
2
H 2( ) exp ( jw ) = H1( ) exp ( jw ) F0 exp ( j 2w )

(

)

(

) (

4
2
H 3( ) exp ( jw ) = H1( ) exp ( jw ) F1 exp ( j 2w )

(

)

(

) (

)

(32)

)

(33)

It can be shown that the FB determined by eqs. (30)-(33) is equivalent to the FB shown in Fig.
5 [8].

7. Simulation results for the single channel DT-CWPT based CO-OFDM
system
We have carried out the numerical simulations based on DT-CWPT for the single-channel COOFDM transmission system including the optical front elements such as a laser-diode, and
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Mach-Zehnder external modulator [21]. The nonlinear effects are neglected since Hilbert
transform is LTI system [8]. We used the 16 quadrature amplitude modulation (QAM) with
128=27 sub bands, 7 decomposition levels, bit rate of 100 Gb/s and the bandwidth of 25 GHz.
The typical values of transmission process are following: the input optical signal power is equal
to 10 mW; CP is 1%; the phase noise frequency in the case of the coherent detection is equal to
500 KHz; the overall noise amplification level of the link is 50 dB; the pre-amplifier gain at the
receiver input is 25 dB; the optical fiber dispersion constant is 17 ps / (nm⋅km); the PMD constant
is 0.1 ps/km1/2. The 8 bit DAC and ADC have been used. In order to mitigate the group velocity
dispersion and PMD we used the Least Mean Square (LMS) and Viterbi-Viterbi Digital Signal
Processing (DSP) algorithms [22]. We used in our simulations the complex wavelets based on
the Q-shift filters [7], [8], [23]. The design of pairs of wavelet bases where the wavelets form a
Hilbert transform pair was also discussed in detail in [24], [25]. The numerical simulation
results are presented in Figs. 6-11. The QAM-16 modulated signal constellations for the
transmission distance of 100 km, 700 km and 1700 km in the case of the DT-CWPT based COOFDM system are shown in Figs.6-8, respectively.
The QAM-16 modulated signal constellations for the transmission distance of 1200 km and
1300 km in the case of the conventional CO-OFDM system are shown in Figs.9-10, respectively.
In both cases CP=1% has been used.

Figure 6. The QAM-16 modulated signal constellation for the transmission distance of 100 km, CP 1%, BER=10-2.56, DTCWPT based CO-OFDM system.
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Figure 7. The QAM-16 modulated signal constellation for the transmission distance of 700 km, CP 1%, BER=10-2.13, DTCWPT based CO-OFDM system.

Figure 8. The QAM-16 modulated signal constellation for the transmission distance of 1700 km, CP 1%, BER=10-2.08,
DT-CWPT based CO-OFDM system.
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Figure 9. The QAM 16 modulated signal constellation for the transmission distance of 1200 km, BER=10-2.08, CP 1%
Conventional CO-OFDM system.

Figure 10. The QAM 16 modulated signal constellation for the transmission distance of 1300 km, BER=10-1.83, CP 1%
Conventional CO-OFDM system.
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The QAM-16 modulated signal constellations for the transmission distance of 1200 km and
1300 km in the case of the conventional CO-OFDM system are shown in Figs.9-10, respectively.
In both cases CP=1% has been used.
The comparison of Figs. 8 and 10 clearly shows that the performance of the DT-CWPT based
OFDM communication system is better than the performance of the conventional CO-OFDM
communication system. Indeed, for the same modulation format and CP,
BER = 10−1.83 = 1.48 × 10−2 at the distance of 1300 km for the conventional CO-OFDM as com‐
pared to BER = 10−2.08 = 8.32 × 10−3 at the distance of 1700 km for the DT-CWPT based OFDM
system.

Figure 11. The BER dependence on the transmission distance for the DT-CWPT based CO-OFDM system.

The bit error rate (BER) dependence on the transmission distance for the DT-CWPT based COOFDM system is presented in Fig. 11. The forward error correction (FEC) threshold of
BER=10-2 corresponds to the transmission distance of about 1800 km.
We have evaluated SE for the dual polarization signal, sampling rate of 26.6 GHz, and QAM
16 modulation format. The maximum available SE in such a case is 8bit/s/Hz. Assuming the
FEC penalty of 20% per band, the CP penalty of 1.5%, and channel and timing estimation of
5%, we obtain the actual SE = 8 × 0.735 = 5.84bit / s / Hz.

8. Conclusions
CO-OFDM communication systems are characterized by high SE, possibility of the advanced
modulation formats applications due to the coherent detection, and the high receiver sensi‐
tivity [1], [9], [13]. Conventional CO-OFDM systems are based on FTs [1], [9]. In such systems,
low rate subcarriers are orthogonally transformed into time domain signals [1]. The condition
of subcarrier orthogonality prevents spectral overlapping and ICI [1], [9]. The basis functions
of the conventional CO-OFDM system are the infinitely long in time sinusoids. The 1-Tb/s COOFDM single-channel signal transmission over 600 km SSMF with SE of 3.3 bit/s/Hz and
without Raman amplification and dispersion compensation has been reported [26]. In CO-

Application of Complex Wavelet Packet Transform (CWPT) in…
http://dx.doi.org/10.5772/59054

OFDM systems, the CD and PMD impairments can be compensated by choosing an appro‐
priate length of CP [1], [9]. However, the CP insertion decreases the CO-OFDM communication
system SE [1], [9].
Recently, the CO-OFDM systems based on WPTs have been proposed [1], [2]. Wavelets used
as the basis functions in these advanced systems have finite length in the time domain. For this
reason, WPT-OFDM systems do not need CP which results in a higher SE [1], [2]. The WPTOFDM can mitigate a CD of 3380 ps/nm at 112 Gb/s rate without CP [1]. However, the high
performance has been demonstrated for a CO-OFDM system based on a single-polarization
[5]. The most promising technique for achieving high SE and maximizing power efficiency is
coherent detection with polarization multiplexing where the in-phase (I) and quadrature (Q)
signals are used in two field polarizations [27]. Information can be encoded in all available
degrees of freedom, while the the compensation of transmission impairments can be provided
by DSP [22], [27]. Advanced FEC coding can be also implemented [27]. Taking into account
the importance of the polarization multiplexing, it is necessary to investigate the PMD
influence on the dual-polarization transmission [5], [6].
In WPT-OFDM communication systems the modulated signals are double-sideband [5]. It has
been shown that the CD influence on WPT-OFDM is compensated automatically due to the
phase symmetry of the both sidebands while the PMD does not possess the phase symmetry
[5]. As a result, the two sidebands have two different dispersions, their addition does not
reproduce the real wavelet basis, orthogonality condition is broken, and inter-packet-inter‐
ference occurs [5].
In this chapter, we considered the fundamentals of WPT based CO-OFDM communication
systems and the PMD influence on such systems. It appeared to be that DT-CWPT can generate
the single-sideband wavelets in frequency domain [5], [7], [8], [20], [21], [23]-[25]. We briefly
discussed the properties of complex wavelets. The DT-CWPT consists of two real wavelet FBs
where the second wavelet FB is the Hilbert transform of the first one and it represents an
imaginary part of the CWT. The DT-CWPT approach to CO-OFDM communication systems
mitigates the PMD impact on the system perfomance.
We have carried out the numerical simulations for the DT-CWPT based CO-OFDM system
and QAM-16 modulation format. The constellation and BER dependence on the distance
clearly show that the transmission over the distance of 1800 km with high actual SE of 5.85 bit/
s/Hz taking into account the FEC and CP penalties, channel and timing estimation can be
achieved due to the PMD mitigation provided by the DT-CWPT based CO-OFDM system.
We compared the performance of the conventional CO-OFDM and the DT-CWPT based COOFDM communication systems. The performance of the DT-CWPT based OFDM communi‐
cation system is better than the performnace of the conventional CO-OFDM communication
system: for the same modulation format and CP, BER at the distance of 1300 km for the
conventional CO-OFDM is larger than BER at the distance of 1700 km for the DT-CWPT based
OFDM system. We used in our simulations the already developed complex wavelets [23]-[25].
In future theoretical investigations, we suppose to find more appropriate wavelet bases using
the so-called best-basis algorithms [8].
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1. Introduction
Over the past few years, there has been an increasing effort in researching new design of indoor
wireless communications systems, due to connectivity that show in a room or in a building.
Currently, several companies of telecommunications use purely omnidirectional antennas in
their wireless routers to transmit data to laptops in close vicinity [1]. The properties of
microstrip patch antennas and arrays with their planar configuration exhibit an attractive
option for indoor communications where the gain is considerably enhanced. On the other
hand, the generation of microwave and millimetre-wave (mm-wave) signals by using photonic
techniques are being used in radio-over-fiber (RoF) systems, distribution antenna systems,
broadband wireless access networks, and radar systems etc. In all these applications the
microwave signals are generated at a remote central station and distributed transparently to
several simplified antenna stations via optical fiber [1]. The main goal of these systems is to
reduce infrastructure cost and to overcome the capacity bottleneck in wireless access networks,
allowing, at the same time, flexible merging with conventional optical access networks. Thus,
in order to design a reliable RoF-based access network infrastructure, RoF techniques must be
capable of generating the microwave signals and allow a reliable microwave signals trans‐
mission over the optical link. For broadband wireless systems and distribution antenna
systems operating at microwave and millimeter-wave carriers, several photonic techniques
for generating microwave signals have been proposed. Among the most common used
techniques are: optical heterodyning [2], optical injection locking [3], optical frequency/phase
locked loops (OFLL/OPLL) [4], microwave generation using external modulation [5]. Optical
injection locking and optical phase-locked loops (OPLL) are expensive in practice. The use of

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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external intensity modulation generates frequency doubling or quadrupling of the driven
radiofrequency (RF) sinusoid signal [6]. This method requires an external modulator which
increases both loss and cost, and is more susceptible to bias drifting of the modulators, which
can affect the output spectrum. The key advantage for generating microwave or millimeterwave signals by optical means is that very high-frequency signals with very low phase noise
and high purity can be generated. By using optical heterodyne technique it is very easy to tune
frequencies with a spectral linewidth of a few ten MHz and over a wide range by simply tuning
the wavelength of the two optical input signals; the obtained frequencies are limited only by
the photodetector bandwidth [2]. Besides, the generated signals by using this technique can
be generally used as both information carriers, and as a local oscillator for transmitting and
receiving both analog and digital information signals by using not only RF schemes but also
through an optical fiber. On the other hand, microwave photonics, which brings together
radiofrequency engineering and optoelectronics, has attracted great interest in the field of
telecommunications since it is an excellent alternative for the transmission of services such as
high quality audio and video, e-mail, and Internet among others [7]. Furthermore, there has
been an increase effort in researching new microwave photonics techniques for different
interesting application that attracts interest in research is the filtering of microwave signals by
using photonic techniques. The main feature of a photonic filter is that microwave signals are
directly processed in the optical domain exploiting advantages inherent to photonics such as
low loss, high bandwidth, immunity to electromagnetic interference, and tunability [8]. On the
other hand, network architectures such as FTTx, where x can stand for home (H), building (B),
neighborhood (N), or curb (C), are a communication architecture in which the final connection
to the subscribers is optical fiber. Another important application of photonic telecommunica‐
tions systems, which is very closely related to the FTTx systems, is the distribution of signals
by integrating optical and wireless networks and passive optical networks (PONs). This
particular type of scheme is referred as fiber-radio system [9]. Along with wavelength division
multiplexing (WDM) technique, it would be more advantageous if RoF is integrated with a
conventional PON where a base station (BS) plays the role of an optical network unit (ONU)
to support both wired and wireless services. This integrated optical access system is capable
not only to reduce the cost of multifunction BSs and the whole system but also meet the
demands for bandwidth, mobility and connection options of users [10]. In this sense, the
purpose of this chapter is to describe two an alternative optical communications systems. The
first proposed system uses a couple microstrip antennas for distributing point to point analog
TV with coherent demodulation based on optical heterodyne. In the proposed experimental
setup, two optical waves at different wavelengths are mixed and applied to a photodetector.
Then a beat signal with a frequency equivalent to the spacing of the two wavelengths is
obtained at the output of the photodetector. This signal corresponds to a microwave signal
located at 2.8 GHz, which it is used as a microwave carrier in the transmitter and as a local
oscillator in the receiver of our optical communication system. The feasibility of this technique
is to demonstrate the transmission of a TV signal located at 66-72 MHz. The second system
deals with the experimental transmission of analog TV signal in a fiber-radio scheme using a
microwave photonic filter (MPF). For that purpose, filtering of a microwave band-pass
window located at 2.8 GHz is obtained by the interaction of an externally modulated multi‐
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mode laser diode emitting at 1.5 μm associated to the chromatic dispersion parameter of an
optical fiber. Transmission of TV signal coded on the microwave band-pass window is
achieved over an optical link of 20.70 km. Demodulated signal is transmitted via radiofre‐
quency using printed antennas.

2. Optical heterodyne technique
The basic principle for generating microwave carriers is based on optical heterodyne techni‐
que, it represents a physical process called optical beating or frequency beating, where two
phase-locked optical sources with angular frequencies ω1 and ω2 are superimposed and
injected into a high frequency photodetector that permits to obtain a photocurrent at a
frequency ω2 − ω1 . To explain this in more detail, let us consider the relation between the
generated electrical output signal and the two superimposed optical input waves from a more
physical point of view. For simplicity, we assume that the two optical input waves are linearly
polarized monochromatic plane waves in the infrared which propagate in the +z direction. Let
=
E1 Eˆ 1 exp éëi (w1t - k1 z + j1 )ùû e1 ,

(1)

=
E 2 Eˆ 2 exp éëi (w2t - k2 z + j 2 )ùû e 2 ,

(2)

and

^
be the complex electrical field vectors of the two optical waves, with field amplitudes E1 and
^
E2 , angular frequencies ω1 and ω2 and wave numbers k1 and k1 . The phase of each optical
input wave is considered by φ1 and φ1 and e1 and e2 are the unit vectors determining the
orientation of the electrical field vector of the linearly polarized optical input waves. The
intensities of the constituent waves are given by the magnitude of their Poynting vectors and
are therefore given by [11]
1æe e ö
I1 = çç r o ÷÷
2 è mo ø

12

1æe e ö
I 2 = çç r o ÷÷
2 è mo ø

2

(3)

2

(4)

E1 .

12

E2 .
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If the two incident optical waves are perfect plane waves and have precisely the same
polarization ( e1 = e2 ), the resulting electrical field Eo of the optical interference signal is the

sum of the two constituent input fields and hence we can write Eo = E1 + E2 . Taking the squared

absolute value of the optical interference signal we obtain
2

2

2

2

Eo = E1 + E2 = E1 + E2 + E1E2* + E1* E2
2

2

= E1 + E2 + 2 E1 E2 cos ((w2 - w1 )t - (j 2 - j1 ) ) .

(5)

From equation (5) and by using equations (3) and (4), it follows that the intensity of the
interference signal I o is given by [11]
I o = I1 + I 2 + 2 ( I1 I 2 )

12

cos ((w2 - w1 )t - (j 2 - j1 ) ) .

(6)

By launching this optical interference signal into a photodetector, a photocurrent i is generated
which can be expressed as [11]

hf q æ P P ö
hq
hq
i = o P1 + o P2 + 2 c çç 1 2 ÷÷
hf1
hf 2
h è f1 f 2 ø

12

cos ((w2 - w1 )t - (j 2 - j1 ) ) ,

(7)

where q is the electron charge and P1 and P2 denote the optical power levels of the two
constituent optical input waves. The photodetector’s DC and high-frequency quantum
efficiencies are represented by ηo and η f c . It is of course important to consider that the detector’s

quantum efficiency is not independent of the frequency. Several intrinsic and extrinsic effects
such as transit time limitations or microwave losses will eventually limit the high-frequency
performance of the detector and thus the detector’s DC responsivity ηo is typically much larger

than its high-frequency responsivity η f c . In our case, we can further simplify the photocurrent

equation (Eq. (7)) by considering the fact that the two optical input waves are close in frequency
( f 1 ≈ f 2 ) whereas the difference frequency f c is by far smaller ( f c = | f 2 − f 1 | < < f 1, f 2 ). If we

further assume for simplicity that the power levels of the two optical input waves are equal
( Popt ≈ P1 ≈ P2 ), Eq. (7) becomes [11]
=
i 2 so Popt + 2 s f Popt cos ( 2p fc t + Dj ) .
c

(8)

η f cq
ηo q
are the photodetector’s DC and high frequency
and s f c =
hf
hf
responsivities given in A/W. Eq. (8) is the fundamental equation describing optical hetero‐
Where Δφ = φ2 − φ1 . Here so =
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dyning in a photodetector. The first term is the DC photocurrent generated by the constituent
optical input waves and the second term is the desired high-frequency signal oscillating at the
difference frequency f c (down-converter) or intermediate frequency (IF) [1]. In our case it
represents the microwave signal that we will use as both information carriers, and as a local
oscillator for transmitting and receiving TV signals in a wireless communication system.

3. Experimental scheme for generating microwave signals
The heterodyne technique for generating microwave signals has been done using the experi‐
mental setup shown in Figure 1. In this experiment, two laser diodes emitting at different
wavelengths are used. One of them is a tunable laser (New Focus, model TLB-3902) which can
be tuned over the C band with a channel spacing of 25 GHz, and the other one is a fiber coupled
distributed feedback (DFB) laser source (Thorlabs, model S3FC1550) with a central wavelength
at 1550 nm. For the generation of the microwave signals, the outputs of both lasers are coupled
to optical isolators to avoid a feedback into the lasers and consequently instabilities to the
system. A pair of polarization controllers is used to minimize the angle between the polariza‐
tion directions of both optical sources. Thus, the polarization of the light issued from each
optical source is matched and therefore, there is not degradation of the power levels in the
microwave signals generated from the photodetector. The output of each controller is launched
to a 3 dB coupler to combine both optical spectrums. After that, an optical output signal is
received by a fast photodetector (MITEQ model SCMR-50K6G-10-20-10) with a typical gain of
25 dB, and –3 dB bandwidth of 6 GHz, The resulting photocurrent from the photodetector
corresponds to the microwave beat signal which is analyzed with an Electrical Spectrum
Analyzer (ESA), (Agilent model E4407B). The other optical output resulting from optical
coupler is applied to an Optical Spectrum Analyzer (OSA) (Anritsu model MS9710C), for
monitoring the wavelength of the two beams.

Figure 1. Experimental setup for generating microwave signals by using optical heterodyne technique.
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DFB laser can be used to control not only the output power of the fiber coupled laser diode,
but also the precise control of the temperature at which the laser is operating. Both controls
can be used to tune the fiber coupled laser diode to an optimum operating point, providing a
stable output. In this way, it is possible to observe that the wavelength of the DFB laser is
shifting, by varying its temperature with a scale of 1 °C. Consequently, the beat signal
frequency is continuously over the band of photodetector. On the other hand, the frequency
difference from both lasers can be expressed by [1]

Df =

c
c c ( l2 - l1 ) c
- =
» 2 Dl ,
l1 l2
l1l2
l

(9)

where λ1 and λ2 are the wavelengths of the two beams, respectively, and Δλ is the difference

between the two wavelengths. To obtain a microwave signal, in a first step, the tunable laser
is biased and its optical spectrum is displayed on the OSA screen. In a second step, the DFB
laser is also biased, fixing an optical power of 2.2 mW and its central wavelength is settled as
near as possible to the central wavelength of the tunable laser. As can be seen from Figure 2,
the value of Δλ = 0.023739 nm is the wavelength difference between both lasers and it corre‐
sponds to the beat signal frequency of 2.8 GHz.

Figure 2. Optical spectrum corresponding to the mixed optical sources. The peaks located at λ1=1550.3197 nm and
λ2=1550.3435 nm corresponds to the tunable and DFB lasers, respectively.

A precise control of the difference, between the two central wavelengths and by consequence
over the frequency difference, is obtained by tuning the DFB. The wavelength variation of the
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laser source is obtained by changing the junction temperature between 22.8 °C, 23.2 °C and
23.7 °C corresponding to the frequency range of 0 to 5.0 GHz. Figure 3 illustrates the electrical
spectrums of four generated microwave signals by using optical heterodyne. These signals are
located at f 1 = 1.0 , f 2 = 2.0 , f 3 = 2.8 and f 4 = 4.0 GHz respectively. It can be seen, that the
microwave signals are in good agreement with theoretical value given by Eq. (9). Therefore,
when one laser source is operating at a fixed wavelength and the other is being continuously
tuned, the beat frequency will shift correspondingly. In particular, the frequency of the
microwave drive signal is set at 2.8 GHz.

Figure 3. Spectrum for the microwave signal generated by using optical heterodyne.

4. Modulation and demodulation
Some form of modulation is always needed in an RF system to translate a baseband signal
(e.g., audio, video, data) from its original frequency bandwidth to a specified RF frequency
spectrum. There are many modulation techniques, for example, amplitude modulation (AM),
frequency modulation (FM), amplitude shift keying (ASK), frequency shift keying (FSK), phase
shift keying (PSK), biphase shift keying (BPSK), quadriphase shift keying (QPSK), 8-phase shift
keying (8-PSK), 16-phase shift keying (16-PSK), minimum shift keying (MSK), and quadrature
amplitude modulation (QAM). AM and FM are classified as analog modulation techniques,
and the others are digital modulation techniques [12]. In this section we describe the AM
modulation and demodulation due to it was used in our proposed wireless communication
system.
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4.1. Amplitude modulation
Analog modulation uses the baseband signal (modulating signal) to vary one of three variables:
amplitude Ac , electrical frequency (ω1 − ω2) = ωc = 2π f c ; or phase (ϕ1 − ϕ2) = Δϕ . According to
Eq. (8), the obtained carrier signal by using optical heterodyne technique can be written by
=
p(t ) Ac cos ((w1 - w2 )t + f=
1 - f2 ) Ac cos ( 2p fc t + Df ) .

(10)

Where Ac = 2s f c Popt . In amplitude modulation, if we assume that s(t) is the information signal,
and considering Ac = 1 , Δϕ = 0 , then a modulated signal can be written by
g(t ) = s(t )cos 2p fc t.

(11)

Applying the modulation property of the Fourier transform to Eq. (11), we can find the density
spectral of g(t) is
G( f )=

1
1
S( f - fc ) + S( f + fc ).
2
2

(12)

Amplitude modulation therefore translates the frequency spectrum of a signal by ± f c hertz,
but leaves the spectral shape unaltered. This type of amplitude modulation is called sup‐
pressed-carrier because the spectral density of g(t) has no identifiable carrier in it, although
the spectrum is centered at the frequency f c .
4.2. Amplitude demodulation
Recovery the signal information s(t) from the signal p(t) requires another translation in
frequency to shift the spectrum to its original position. This process is called demodulation or
detection. Because the modulation property of the Fourier transform proved useful in
translating spectra for modulation, we try it again for demodulation. Assuming that
g(t) = s(t)cos2π f c t is the transmitted signal, we have
g(t )cos 2p fc t = s(t )cos 2 2p=
fc t

1
1
s(t ) + cos 4p fc t.
2
2

(13)

Taking the Fourier transform of both sides of Eq. (13) and using the modulation property, we
get
1
1
1
Á éë g(t )cos 2p fc t ùû=
S( f ) + S( f + 2 fc ) + S( f - 2 fc ).
2
4
4

(14)
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The mathematical process described in this section can be obtained by convolving the spectrum
of the received signal g(t) with that of cos2π f c t (i.e., with impulses at ± f c ). A low-pass filter
is required to separate out the double frequency terms from the original spectral components.
Obviously we need a filter with a cut frequency f cut > 2 f m for proper signal recovery. In this
case f m represents the information frequency.
4.3. Effects in frequency and phase variations
When the local oscillator at the receiver, has a small frequency error Δf and a phase error
Δθ , then this signal can be written as
pL (t ) cos éë 2p ( fc + Df ) t + Dq ùû .
=

(15)

Assuming again that g(t) = s(t)cos2π f c t is the transmitted signal; then we have that at the
receiver, the recovered signal can be written by
g(t )cos éë 2p ( fc + Df )t + Dq ùû =s(t )cos(2p fc t )cos éë 2p ( fc + Df )t + Dq ùû
æ cos(2pDft + Dq ) cos éë 2p (2 fc + Df )t + Dq ùû ö
= s(t ) ç
+
÷.
ç
÷
2
2
è
ø

(16)

The second term on the right hand side of Eq. (16) is centered at ±2 f c + Δf and can be filtered
out by using a low pass filter. The output of this filter sF (t) will then be given by the remaining
term in Eq. (16).
é s(t )
sF (t ) ê
=
( cos 2p (Df )t cos(Dq ) - sen2p (Df )tsen(Dq ))ùú .
2
ë
û

(17)

s(t)
, unless both Δf and Δθ are zero.
2
The effects of both frequency errors and random phase errors render this demodulation of the
signal unsatisfactory. It is necessary, therefore, to have synchronization in both frequency and
phase between the transmitter and the receiver when amplitude modulation is used. The
synchronization of the carrier signals presents no major problem when the transmitter and the
receiver are in close proximity. Recovering the original signal s(t) from the modulated signal
g(t) using a synchronized oscillator is called coherent demodulation. In our case we take
advantage of proposed optical heterodyne technique permits to obtain microwave carrier and
local oscillator simultaneously in the transmitter and receiver respectively.
As can been from equation (17), the output signal is not
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5. Design of a patch antenna at 2.8 GHz
The microstrip patch antenna is a popular printed resonant antenna for narrow-band micro‐
wave wireless links that require semihemispherical coverage. Due to its planar configuration
and ease of integration with microstrip technology, the microstrip patch antenna has been
studied heavily and is often used as an element for an array. Common microstrip antenna
shapes are square, rectangular, circular, ring, equilateral triangular, and elliptical, but any
continuous shape is possible [13]. Furthermore, a patch antenna is an excellent device due to
its small size, low cost, and good performance [14-16]. In this chapter, a rectangular printed
patch antenna is proposed. Simulation results have been obtained by using Advanced Design
System (ADS) that is a computer-aided-engineering software tool. The radiating structure
consists of a patch and a microstrip inset-feed line, allowing that the characteristic impedance
(Zo) to be improved. Figure 4 shows the geometry and configuration of the top layer. The
proposed antenna in this work was designed to operate in the band S of telecommunications
(2.8 GHz). FR4 is used as a dielectric substrate exhibiting a thickness h = 1.524mm , and relative
dielectric constant εr = 4.2 . In a first step, the width (W) of the patch is computed by using [17]:

W=

co
2 fc

2
,
er + 1

(18)

where co is the light velocity in the free space, and f o is the operation frequency. Next, the value
of the effective dielectric constant εeff is evaluated considering W / h > 1 .

e eff =

Figure 4. Layout of the patch antenna.

er + 1 er - 1 æ
h ö
+
ç 1 + 12 ÷
2
2 è
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Border effects [17] must to be considered in the design of the antenna. For this reason, ΔL
from Figure 4 can be evaluated as:

DL
= 0.412
h

(e

æW
ö
+ 0.3 ç + 0.264 ÷
è h
ø
æW
ö
e eff - 0.258 ç + 0.8 ÷
è h
ø

)

eff

(

(20)

)

This allows that the length ( L ) of the patch to be evaluated as:
co

L
=

2 fo e r

- 2 DL

Considering the values previously obtained, the effective dimensions ( L

(21)

eff

and W eff ) can be

calculated, respectively as:
Leff = L + 2 DL

Weff = W +

t
p

æ
æ 2h ö ö
ç 1 + ln ç ÷ ÷
è t øø
è

(22)

(23)

From Eq. (23), t is the conductor thickness and W / h > 1 / 2π must to be considered. The ground
plane dimensions are computed as:
L1 = 6 h + Leff
W1 = 6 h + Weff

(24)

The best dimensions which assure a good matching between the impedances ( Rin = Z o = 50Ω )
of the antenna and generator can be calculated by the use of LineCalc tool from ADS and by
the next expression:
Rin ( y = yo ) =

1
æp ö
cos 2 ç yo ÷
2 (G1 ± G12 )
èL ø

(25)

where G1 and G12 are the conductance values obtained by the cavity method. Finally, Table 1
shows a summary of the dimensions for the patch and the ground plane.
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Dimensions (cm)

Operation Frequency
(Antenna)

Wo

Lo

W

L

W1

L1

yo

2.8 GHz

0.13

3.08

3.32

2.56

10

10

0.93

Table 1. Dimensions of the fabricated antenna.

Figure 5(a) shows a picture of the fabricated patch antenna where a SubMiniature version A
(SMA) connector is added. Figure 5(b) illustrates simulation and experimental results corre‐
sponding to the S11 parameter. Electrical measurements are obtained by using a Vector

Network Analyzer (VNA) (Agilent Technologies model: E8361A). It is clearly observable that
experimental result is in good agreement with the simulation.

Figure 5. Fabricated antenna (a), Experimental and simulation return loss curve for the antenna (b).

6. Transmission of TV signals by using heterodyne technique
In order to show a potential application of optical heterodyne technique in the field of the
wireless communications, we have proposed a coherent wired/wireless photonic communi‐
cation system as shown in Figure 6. This system is not a truly wireless communication system,
since an optical fiber is required to deliver both microwave carrier and local oscillator for
transmitting and receiving information of TV signals as an approximation to point to point
indoor wireless communications systems. From the photodetector 1 in the transmitter, a
microwave signal located at 2.8 GHz is obtained and mixed with an analog TV signal located
at 62.25 MHz. Then the resulting signal is amplified before being applied to our fabricated
microstrip antenna. After that, the obtained modulated signal as shown in Figure 7, is
transmitted through a point to point wireless link by using the microstrip antenna. Finally in
the receiver, another microstrip antenna is used to receive the transmitted information, which
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it is processed using optical heterodyne technique again to recover in this case the TV signal
(66-72 MHz). From the photodetector 2 in the receiver, a local oscillator that is synchronized,
in frequency as well as in phase with to that obtained from the photodetector 1, is mixed with
the received signal. Then the resulting signal is filtered and the power spectral density obtained
is displayed on an electrical spectrum analyzer, where it is analyzed to measure the power
level of recovered information.

Figure 6. Wired/wireless photonic communication system for transmitting and receiving TV signals.

Figure 8 shows the frequency spectrum of an analog National Television System Committee
(NTSC) TV signal at the input of the transmitter located at 67.25 MHz (before being applied
to frequency mixer). In the same figure we can see the obtained analog NTSC TV signal at the
output of the receiver. In order to measure the quality of the received signal, it is necessary to
quantify the parameter of signal-to-noise ratio (SNR), in this case it is approximately 45 dB.
The analog information is successfully transmitted from the transmitter to the receiver, and
the received signal is satisfactorily reproduced on TV monitor. The differential gain and
differential phase were not measured Nevertheless we demonstrated that the generated
microwave signal by using optical heterodyning can be used as carrier information in a
traditional communication system and we have used a TV signal of test to verify it.
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Figure 7. Electrical spectrum of the modulated signal.

Figure 8. TV signals at 67.25 MHz, transmitted and recovered.
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7. Analytical model of the microwave photonic filter
The scheme of the MPF is illustrated in Figure 9. Consider that the optical signal of a poly‐
chromatic source with spectrum P (ω ) , centered at an optical frequency ωn , is launched into
the input of the Mach-Zehnder intensity modulator (MZ-IM). A single spectral component of
such an optical signal can be modeled by a stochastic process e (t ) = Eo (t )exp( jωn t ) , where Eo (t )
is the complex amplitude and ωn is the optical angular frequency. If the intensity of such optical

signal is externally modulated by an electrical signal V m = 1 + 2mcos(ωmt ) , where m is the

modulation index and ωm is the angular frequency of external modulation, then the optical
field at the input of the optical fiber can be expressed by Eq. (26). The modulation index m is
related to the electrical input signal amplitude, V m , as: 2m = π (V m / V π ) , where V π is the half
wave voltage of the MZ-IM [18].
ei ( t ) = e ( t ) s ( t )

(26)

The optical fiber can be considered as a linear time invariant (LTI) system. If, for simplicity,
the attenuation is ignored, then the transfer function of the optical link, for a given length L ,
is H ( jω ) = exp( − jβL ) , where β is the propagation constant. Thus, the optical field at the end
of the link is given by
=
eL ( t ) ei ( t ) exp ( - j b L )

(27)

Substituting e (t ) and s (t ) in Eq. (26), and then replacing this in Eq. (27), it becomes:

(

(

)

eL ( t ) Eo ( t ) exp j (wmt - b L ) + Eo ( t ) m exp j éë(wm - wn ) t - b Lùû
=

(

+ Eo ( t ) m exp j éë(wm + wn ) t - b Lùû

)

)

(28)

In the frequency domain Eq. (28) can be expressed as:

(

)

EL (w ) = Eo (w - wn ) exp ( - j b L ) + Eo w - (wn - wm ) exp ( - j b L )

(

)

+ Eo w - (wn + wm ) exp ( - j b L )

Figure 9. Scheme of the microwave photonic filter.

(29)
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There are three spectral components. In the presence of chromatic dispersion, there is a
propagation constant associated to each one of them, i.e. β (ω − ωn ) , β (ω − (ωn + ωm)) and
β (ω − (ωn − ωm)) . By denoting W = ω − ωn , Eq. (29) then becomes:

(

)
(
+ Eo ( W - wm ) exp ( - j b ( W - wm ) L )

EL=
(w ) Eo (W ) exp - j b (W ) L + Eo (W + wm ) exp - j b (W + wm ) L

)

(30)

Assuming that within the frequency range ωn − ωm to ωn + ωm , centered at ωn the propagation
constant varies only slightly and gradually with ω , it can be approximated by the first three
terms of a Taylor series expansion, and it can be shown that
é1
ù
b ( W ± wm )= b ( W ) ± b1wm + b 2 ê wm2 ± wm (w - wn )ú
2
ë
û

(31)

where βi = d i β (ω ) / dω i (ω=ωn ) .
The optical intensity, I , is obtained by integrating the power spectral density over all the
frequency range, i.e.
I=ò

¥

-¥

2

EL (w ) dw

(32)

Considering that the MZ-IM is operating on its linear region, it is valid to note that m 2 ≈ 0 . On
the other hand, if ωn > > ωm then Eo (W ) ≈ Eo (W + ωm) ≈ Eo (W − ωm) . Furthermore, in the fre‐
quency domain, the spectrum of the source is defined as P (ω ) = Eo (ω )Eo*(ω ) . Thus, developing
the product | EL (ω ) | 2 in Eq. (32) and replacing Eq. (31), it is possible to demonstrate that the

intensity at the end of the optical fiber is given by:

I
=

where Z = β2ωm L
Io =

∫

∞

−∞

ìï ¥
üï
ö
L ÷ cos ( b1wm L ) Â í ò P ( W ) exp ( - j 2p ZW ) dW ý
÷
ø
îï -¥
þï

æ wm2
P
W
dW
4
m
cos
+
ç b2
(
)
ò
ç
2
-¥
è
¥

(33)

/ 2π , W = ω − ωn and its derivative, dW = dω . The total average intensity is

{∫

∞

P (W )dW , and the integral ℜ

−∞

}

P (W )exp( − j2πZW )dW corresponds to the real part of

the Fourier transform of the spectrum of the optical source. This means that the optical intensity
which reaches the surface of the photodetector is proportional to:
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{ {

}}

F ( W ) = Â FT P ( W )

(34)

A spectrum with Gaussian shape can be modeled by an analytical expression as:
æ 4 (w - w ) 2 ö
m
÷
P (w ) =
exp ç ç
÷
Dw 2
Dw p
è
ø
2Po

(35)

where ω is the angular frequency, ω is the central angular frequency, ω is the maximum power
emission and Δω is the full width at half maximum (FWHM) of the optical source. If the
emission spectrum of the optical source has a Gaussian shape, as defined in Eq. (35), then the
Eq. (34) becomes:
æ æ b w LDw ö 2 ö
F=
(w ) exp çç - ç 2 m4 ÷ ÷÷
ø ø
è è

(36)

In such case the FWHM of the frequency response can be determined equating F (ω ) = 0.5 ,
which implies:
2

æ b 2wm LDw ö
ç
÷ = ln ( 2 )
4
è
ø

(37)

For finding the value of the frequency f m that yields that condition, it is necessary to express
ωm in terms of f m , i.e. ωm = 2π f m . But this, in turn, yields an expression that can be reduced
by expressing Δω in terms of Δλ and β2 in terms of dispersion D . For Δω this is done as follows:
given dω / dλ = − (2πc / λ 2) , where c is the speed of light in the free space and λ is the wave‐
length of the optical signal, it is possible to establish the following correspondence:
dw = -

2p c

l

2

dl Û Dw = -

2p c

l2

Dl

(38)

Now, for the factor β2 , given that the group velocity, vg = L
is

related

to

β (ωn )

as

τg / L = dβ (ωn ) / dω

,

/ τg where τg is the group delay,
and

its

derivative

is

(dτg / dω ) / L = d 2β (ωn ) / dω 2 = β2 , then (1 / L )(dτg ) = dωβ2 . Thus, the derivative of this expres‐
sion by dλ is (1 / L )(dτg / dλ ) = (dω / dλ )β2 . Furthermore, the dispersion, as a function of the
wavelength is defined as D = (1 / L )(dτg / dλ ) . This means that β2 = − D (λ 2 / 2πc ) . Finally, by
substituting ωm = 2π f m , Δω , in Eq. (38), and the expression for β2 in Eq. (37), the frequency
f m , which corresponds to the low-pass bandwidth Δ f lp , can be expressed as:
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2 ln ( 2 )
Dflp =
p DLDl

(39)

where the dispersion D has units of ps nm-1 km-1, length L is given in km, and the FWHM of
the optical source, Δλ , in nm. This means that in the presence of an optical source, like a super
luminescent light-emitting diode (LED), the frequency response of the system is low-pass, and
its bandwidth is given by Eq. (39). In the context of this chapter, the optical source is an
multimode laser diode (MLD). The emission spectrum of this type of optical sources can be
modeled by means of an analytical expression as expressed in Eq. (40):
ù
æ 4 (w - w ) 2 ö é 2 P
æ 4 (w - w ) 2 ö ¥
2 Po
n
n
o
÷ê
ç÷*
P (w ) =
n
exp ç exp
d
w
dw
(
)úú
ç
÷ ê sw p
ç
÷ nå
Dw 2
sw 2
Dw p
= -¥
è
ø ëê
è
ø
ûú

(40)

where ω is the angular frequency, ωn is the central angular frequency, Po is the maximum
power emission, Δω is the FWHM of the optical source, σω is the FWHM of each emission
mode and δω is the free spectral range (FSR) between the emission modes. By using variables
Z and W , as defined earlier, and substituting Eq. (40) in Eq. (34), it can be expressed as:
æ æ b w LDw ö 2 ö é
æ æ b w Lsw ö 2 ö 1 ¥ æ b w L n ö ù
2 m
F (w ) = exp ç - ç 2 m
÷ ÷ * ê exp ç - ç
÷ ÷
å d ç 22pm - dw ÷úú
ê
ç è
÷
ç
÷
dw
4
4
ø ø ë
ø ø
øû
n = -¥ è
è
è è

(41)

The term between crochets indicates the presence of a periodic pattern. The frequency of the
first maximum can be determined by equating:

b 2w1 L 1
=
dw
2p

(42)

For finding the value of the frequency f 1 that yields that condition, it is necessary to express
δω in terms of f 1 . In a similar way as in Eq. (38), it is possible to establish the following
correspondence:
2p c
2p c
- 2 dl Û dw =
- 2 dl
dw =
l
l

(43)

thus, substituting δω in Eq. (42), expressing ω1 in terms of f 1 and using β2 = − D (λ 2 / 2πc ) then
the frequency f 1 can be expressed as:
f1 =

1
DLdl

(44)
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and, in general, the central frequency of the n -th band-pass lobe is given by
fn =

n
DLdl

(45)

where n is a positive integer, dispersion D is given in ps nm-1 km-1, length L in km, and the
FSR δλ in nm. The bandwidth of each of these band-pass lobes is equal to:
4 ln ( 2 )
Dfbp =
p DLDl

(46)

which is twice Eq. (39). The periodic pattern in the frequency response of the system will appear
only when an MLD is used in the system. This behavior will allow that microwave signals to
be filtered and transmitted over a wide range of frequencies.

8. Experimental setup of optical and wireless transmission
In a ﬁrst step, the MLD used in this experiment (OKI OL5200N-5) is optically characterized by
means of an optical spectrum analyzer (Agilent, model 86143B). Figure 10 corresponds to the
measured optical spectrum obtaining λo = 1553.53 nm , Δλ = 5.65 nm , and δλ = 1.00 nm for a
driver current of 25 mA. The use of a laser diode temperature-controller (Thorlabs, model
LTC100-C) allows us to guarantee the stability of the optical parameters to thermal ﬂuctuations.

In a second step, considering a length L=20.70 km of single-mode-standard-fiber (SM-SF)
exhibiting a chromatic fiber-dispersion parameter of D=16.67 ps/nm km. Eq. (45) allows us to
determine the value of the central frequency corresponding to the first filtered microwave or
first band-pass as
1
1
= 2.8 GHz
f 1 = DLδλ =
(16.67x10−12seg/nm ⋅ km) ⋅ (20.70 km) ⋅ (1.0 nm)
Eq. (39) permits us to determine the value of the low-pass band as
Δ f lp =

2 ln(2)
2 ln2
= 271.85 MHz
=
πDLΔλ (π ) ⋅ (16.67x10−12seg/nm ⋅ km) ⋅ (20.70 km) ⋅ (5.65 nm)

Finally, according to Eq. (46), the corresponding bandwidth of the band-pass window is
Δ f bp = 543.70 MHz .
At this point, it is well worth highlighting the advantageous use of the chromatic dispersion
parameter to obtain the filtered microwave signal. Once the main parameters are known, the
topology illustrated in Figure 11 is assembled in order to evaluate the frequency response of
the MPF.
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Figure 10. Optical spectrum for the MLD used in the experiment.

Figure 11. Experimental microwave photonic filter.

At the output of the MLD, an optical isolator (OI) is placed in order to avoid reflections to the
optical source. Since the MZ-IM (Photline MX-LN-10) is polarization-sensitive, a polarization
controller (PC) is used to maximize the modulator output power. The optical signal is launched
into the MZ-IM. The microwave electrical signal (RF) for modulating the optical intensity is
supplied by using optical heterodyne as described in Figure 1. The registered frequency
response is located from 0.01 to 4 GHz at 0 dBm. The intensity-modulated optical signal is then
coupled into a 20.70 km of SM-SF coil. The length of the optical fiber is corroborated by using
an optical time domain reflectometer, OTDR (EXFO, model FTB-7300E). At the end of the link,
the optical signal is applied to a fast Photo-Detector (PD, Miteq DR-125G-A), and its output
connected to an electrical spectrum analyzer (Anritsu, model MS2830A-044), in order to
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measure the frequency response of the MPF. Figure 12 corresponds to the measured experi‐
mental frequency response where a low-pass band centered at zero frequency and the presence
of a band-pass band centered at 2.8 GHz are clearly appreciable.

Figure 12. Experimental frequency response of the filter.

The bandwidth of 543.70 MHz associated to the band-pass window centered at 2.8 GHz allows
us to guarantee enough bandwidth in case of ﬂuctuations (in the order of nanometers) between
mode spacing. On the other hand, a considerable increase on the length of the optical ﬁber due
to thermal expansion is practically impossible. These considerations permit us to guarantee a
good stability for the microwave photonic ﬁlter. Once the frequency response of the MPF is
determined, the setup illustrated in Figure 13 is assembled for carrying out the ﬁber-radio
transmission.

Figure 13. Experimental setup for optical and wireless transmission.
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Figure 14. Electrical Spectrums for (a) Transmitted and (b) recovered TV signal.

Now, the electrical signal generator provides a signal of 2.8 GHz at 0 dBm that is used as the
electrical carrier and demodulated signal. This signal is separated by using a power divider.
Part of this signal is transmitted via radio frequency by the fabricated microstip antenna shown
in Figure 5, and the rest is mixed with an analog NTSC TV signal of 67.25 MHz. The resulting
mixed electrical signal is then applied to the electrodes of the MZ-IM for modulating the light
emitted by the MLD. The modulated light is coupled into the 20.70 km SM-SF coil. At the end
of the optical link, the signal is injected to a fast photo-detector (PD), and its electrical output
is then ampliﬁed and launched to an electrical mixer. Another microstrip patch antenna placed
at a distance of 10 meters is connected to a port of the mixer in order to recuperate the
microwave signal that plays the role of the demodulated signal. Finally, by using another
power divider, recovered analog TV signal can be launched to a digital oscilloscope or to the
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electrical spectrum analyzer in order to evaluate the quality of the recovered signal and at the
same time display the TV signal on a TV monitor. Figure 14 (a) shows the measured electrical
spectrum (Agilent, E4407B) corresponding to the transmitted TV signal where the SNR is 52.67
dB, whereas Figure (b) corresponds to the recovered TV signal with a SNR of 46.5 dB.
Finally, Figure 15 corresponds to a photograph of the screen of the oscilloscope where upper
and lower traces are the waveforms of the transmitted and recuperated signal, respectively.

Figure 15. Transmitted and recovered TV signal.

9. Conclusions
Wireless communication systems require compact sources for the generation of mm-wave
signals, that must have high spectral purity (linewidth < 100 kHz, phase noise < 100 dBc @100
kHz offset), tuneability, low power consumption and low cost, and although optical hetero‐
dyne of two DFB lasers has phase noise of –75 dBc/Hz even at an offset frequency of 100 MHz
and it does not very compact, we have demonstrated in this chapter that by using optical
heterodyne technique, a TV signal was transmitted and received satisfactory as a result of our
proposed communication system generates a microwave carrier and a local oscillator simul‐
taneously ensuring synchronization in frequency as well as in phase between microwave
carrier and a local oscillator and avoiding in this case the use of an analog phase locked loop
in the receiver to recover the TV information. The authors consider that the first proposed
scheme in this chapter is not a truly wireless communication system, since an optical fiber is
required to deliver the local oscillator in the receiver, however in order to obtain a wireless
communication systems by using optical heterodyne technique, it is necessary to have
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collimated beams from optical fiber to photodetectors. On the other hand, due to the fact that
the distribution of TV over microwave signals in the electrical domain presents loss associated
with electrical distribution lines, the authors consider that the optical fiber is an ideal solution
to fulfill this task because of its extremely broad bandwidth and low loss. In that case the
distribution of TV over microwave can be directly by using optical fiber. In this way the second
proposed experiment in this chapter represents a novel fiber-radio scheme to transmit an
analog NTSC TV signal coded on a microwave band-pass located at 2.8 GHz. Filtering of
microwave signal was achieved through the appropriate use of the chromatic fiber dispersion
parameter, the physical length of the optical fiber, and the free spectral value of the multimode
laser. Transmission of a TV signal was achieved over an optical link of 20.70 km, whereas a
demodulated signal was transmitted via radiofrequency using the fabricated microstrip patch
antennas. Although the distance between antennas was short, this distance can be lengthened
if an array of antennas is used. Besides, a mathematical analysis corresponding to the micro‐
wave photonic filter was described demonstrating that the frequency response of the micro‐
wave photonic filter is proportional to the Fourier transform of the spectrum of the optical
source used. The proposed microwave photonic filter represents an interesting technological
alternative for transmitting information by using optoelectronic techniques. The results
obtained in this work ensure that as an interesting alternative, several modulation schemes
can be used for transmitting not only analog information but also digital information. Besides
as optical heterodyne technique described here can generate microwaves continually tuned,
we can use this feature to transmit several TV signals using frequency division multiplexing
schemes FDM [19] and wavelength division multiplexing WDM techniques, not only point to
point but also with bidirectional schemes by using simultaneous wired and wireless systems.
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1. Introduction
Atmospheric free-space optical (FSO) transmission using intensity modulation and direct
detection (IM/DD) can be considered as an important alternative to consider for next
generation broadband in order to support large bandwidth, unlicensed spectrum, excellent
security, and quick and inexpensive setup [1]. Nonetheless, this technology is not without
drawbacks, being the atmospheric turbulence one of the most impairments, producing
fluctuations in the irradiance of the transmitted optical beam, which is known as atmospheric
scintillation, severely degrading the link performance [2]. Additionally, since FSO systems are
usually installed on high buildings, building sway causes vibrations in the transmitted beam,
leading to an unsuitable alignment between transmitter and receiver and, hence, a greater
deterioration in performance. Error control coding as well as diversity techniques can be used
over FSO links to mitigate turbulence-induced fading [3–6]. In [7], the effects of atmospheric
turbulence and misalignment considering aperture average effect were considered to study
the outage capacity for single-input/single-output (SISO) links. In [8, 9], a wide range of
turbulence conditions with gamma-gamma atmospheric turbulence and pointing errors is
also considered on terrestrial FSO links, deriving closed-form expressions for the error-rate
performance in terms of Meijer’s G-functions. In [10, 11], comparing different diversity
techniques, a significant improvement in terms of outage and error-rate performance is
demonstrated when multiple-input/multiple-output (MIMO) FSO links based on transmit
laser selection are adopted in the context of wide range of turbulence conditions with
pointing errors. An alternative approach to provide spatial diversity in this turbulence
FSO scenario without using multiple lasers and apertures is the employment of cooperative
communications. Cooperative transmission can significantly improve the performance by
creating diversity using the transceivers available at the other nodes of the network. This is a
well known technique employed in radio-frequency (RF) systems, wherein more attention
©2012 Boluda-Ruiz et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted
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has been paid to the concept of user cooperation as a new form of diversity for future
wireless communication systems [12]. Recently, several works have investigated the adoption
of this technique in the context of FSO systems [13–19], being recognized as a very promising
solution for future ad-hoc optical wireless systems. In [14, 15] a 3-way FSO communication
setup is proposed to implement a cooperative protocol in order to improve spatial diversity
without much increase in hardware, being evaluated the error-rate performance by using
the photon-count method as well as the outage performance for both amplify-and-forward
(AF) and decode-and-forward (DF) strategies. In [19], following the bit-detect-and-forward
(BDF) cooperative protocol presented in [14], the analysis is extended to FSO communication
systems using IM/DD over atmospheric turbulence and misalignment fading channels,
considering cooperative communications with BDF relaying and equal gain combining (EGC)
reception. In contrast to the BDF strategy considered in [14], it is assumed in [19] in addition
to the analysis of the impact of pointing errors that all the bits detected at the relay are always
resended regardless of these bits are detected correctly or incorrectly. Next, bits received
directly from the source and from the relay are detected at destination node following an
EGC technique. In [20], a novel BDF relaying scheme based on repetition coding with the
relay and EGC is proposed, improving the robustness to impairments proper to these systems
such as unsuitable alignment between transmitter and receiver as well as fluctuations in the
irradiance of the transmitted optical beam due to the atmospheric turbulence, compared to
the BDF relaying scheme analyzed in [19].
In this chapter, a novel closed-form approximation bit error-rate (BER) expression based
on [21] is presented for a 3-way FSO communication setup when the irradiance of the
transmitted optical beam is susceptible to either a wide range of turbulence conditions (weak
to strong), following a gamma-gamma distribution of parameters α and β, or pointing errors,
following a misalignment fading model where the effect of beam width, detector size and
jitter variance is considered. The resulting BER expression is shown to be very accurate in
the range from low to high SNR, requiring the first two terms of the Taylor expansion of
the channel probability density function (PDF). Simulation results are further demonstrated
to confirm the accuracy and usefulness of the derived results. The superiority of the BDF
relaying scheme using time diversity, compared with the cooperative protocol in [19], is
corroborated by the obtained results since a greater robustness is provided not only to the
pointing errors but also to the relay location, presenting a similar performance regardless of
the source-destination link distance.

2. System and channel model
As shown in Fig. 1, we adopt a three-node cooperative system based on three separate
full-duplex FSO links, assuming laser sources intensity-modulated and ideal noncoherent
(direct-detection) receivers. For this 3-way FSO communication setup the cooperative
protocol can be applied to achieve the spatial diversity without much increase in hardware.
The BDF cooperative protocol here proposed is based on the use of repetition coding in
the transmission corresponding to the source-relay link, fully exploiting a time diversity
order of 2 in the atmospheric channel in a similar approach to [22]. As shown in Table 1,
the cooperative strategy works in three phases or transmission frames. In the first phase,
the nodes A and B send their own data to each other and the destination node C, i.e.,
the node A (B) transmits the same information to the nodes B (A) and C. In the second
transmission frame, the nodes A and B send again the same information to each other delayed
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xB
B

Relay (Source)

yB

Source (Relay)

C

A

Destination

d AC
Figure 1. Block diagram of the considered 3-way FSO communication system, where d AC is the A-C link distance
and (x B , y B ) represents the location of the node B.

by the expected fade duration and, hence, assuming that channel fades are independent and
identically distributed (i.i.d.). In the third phase, the node B (or A) sends the received data
from its partner A (or B) in previous frames to the node C. Following the BDF cooperative
protocol, the relay node (A or B) detects each code bit to “0” or “1” based on repetion
coding and sends the bit with the new power to the destination node C. When repetition
coding is used in the source-relay link transmission during the first and second phases, the
information is detected each transmission frame, combining with the same weight two noisy
faded signals in a similar manner to a single-input multiple-output (SIMO) FSO scheme with
EGC [23] and, this way, achieving a diversity gain of 2 for this link.
Symbol
A→C
1

t1

t2

A→B
A→C
A→B
A→C

2

2
3

···

tn

t n +1

···

A→B

B→C
A→B

···
A→B
A→C

3
..
.
B→C
1

t3

B→A
B→C
B→A
B→C

···
B→A
B→C

···

B→A

t n +3

B→C
A→B

···

···

t n +2

B→C

A→C
B→A

A→C
B→A

A→C

..
.
Table 1. BDF cooperative scheme based on repetition coding in the source-relay link transmission.

It must be noted that the symmetry for nodes A and B assumed in this FSO communication
setup and the fact that one transmission frame is overlapped imply that no rate reduction
is applied, i.e., the same information rate can be considered at the destination node C
compared to the direct transmission link without using any cooperative strategy. As in
[19], it is assumed in this paper that all the bits detected at the relay are always resended
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regardless of these bits are detected correctly or incorrectly. Next, bits received directly
from A-C and from the relay A-B-C are detected at C following an EGC technique. Since
atmospheric scintillation is a slow time varying process relative to typical symbol rates of
an FSO system, having a coherence time on the order of milliseconds, we consider the time
variations according to the theoretical block-fading model, where the channel fade remains
constant during a block (corresponding to the channel coherence interval) and changes
to a new independent value from one block to next. In other words, channel fades are
assumed to be independent and identically distributed. This temporal correlation can be
overcome by means of long interleavers, being usually assumed both in the analysis from
the point of view of information theory and error rate performance analysis of coded FSO
links [4, 5, 24]. However, as in [22, 25], we here assume that the interleaver depth can not
be infinite and, hence, we can potentially benefit from a degree of time diversity limited
equal to 2. This consideration is justified from the fact that the latency introduced by the
interleaver is not an inconvenience for the required application. In the cooperative protocol
here proposed, wherein repetition coding and a time diversity order available of 2 is assumed
in the source-relay link transmission, perfect interleaving can be done by simply sending the
same information delayed by the expected fade duration, as shown experimentally in [26].
For each link of the three possible links in this three-node cooperative FSO system, the
instantaneous current ym (t) in the receiving photodetector corresponding to the information
signal transmitted from the laser can be written as
ym (t) = ηim (t) x (t) + z(t)

(1)

where η is the detector responsivity, assumed hereinafter to be the unity, X  x (t) represents
the optical power supplied by the source and Im  im (t) the equivalent real-valued fading
gain (irradiance) through the optical channel between the laser and the receive aperture.
Additionally, the fading experienced between source-detector pairs Im is assumed to be
statistically independent. Z  z(t) is assumed to include any front-end receiver thermal
noise as well as shot noise caused by ambient light much stronger than the desired signal at
the detector. In this case, the noise can usually be modeled to high accuracy as AWGN with
zero mean and variance σ2 = N0 /2, i.e. Z ∼ N (0, N0 /2), independent of the on/off state
of the received bit. Since the transmitted signal is an intensity, X must satisfy ∀t x (t) ≥ 0.
Due to eye and skin safety regulations, the average optical power is limited and, hence, the
average amplitude of X is limited. The received electrical signal Ym  ym (t), however, can
assume negative amplitude values. We use Ym , X, Im and Z to denote random variables and
ym (t), x (t), im (t) and z(t) their corresponding realizations.
( a) ( p)

The irradiance is considered to be a product of three factors i.e., Im = ζ m Im Im
ζ m is the deterministic propagation loss,
( p)
Im

( a)
Im

where

is the attenuation due to atmospheric

turbulence and
the attenuation due to geometric spread and pointing errors. ζ m
is determined by the exponential Beers-Lambert law as ζ m = e−Φd , where d is the
link distance and Φ is the atmospheric attenuation coefficient. It is given by Φ =
(3.91/V (km)) (λ(nm)/550)−q where V is the visibility in kilometers, λ is the wavelength in
nanometers and q is the size distribution of the scattering particles, being q = 1.3 for average
visibility (6 km < V < 50 km), and q = 0.16V + 0.34 for haze visibility (1 km < V < 6 km)
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[27]. To consider a wide range of turbulence conditions, the gamma-gamma turbulence
model proposed in [2] is here assumed. Regarding to the impact of pointing errors, we use
the general model of misalignment fading given in [7] by Farid and Hranilovic, wherein the
effect of beam width, detector size and jitter variance is considered. A closed-form expression
of the combined probability density function (PDF) of Im was derived in [8] as
f Im (i ) =

αm β m ϕ2m
G3,0
A0 ζ m Γ(αm )Γ( β m ) 1,3





αm β m 
ϕ2m
i 2
, i≥0
A0 ζ m ϕm − 1, αm − 1, β m − 1

(2)

where G m,n
p,q [·] is the Meijer’s G-function [28, eqn. (9.301)] and Γ (·) is the well-known Gamma
function. Assuming plane wave propagation, α and β can be directly linked to physical
parameters through the following expresions [29]:




 −1
α = exp 0.49σR2 /(1 + 1.11σR12/5 )7/6 − 1



 −1
β = exp 0.51σR2 /(1 + 0.69σR12/5 )5/6 − 1

(3a)
(3b)

where σR2 = 1.23Cn2 κ 7/6 d11/6 is the Rytov variance, which is a measure of optical turbulence
strength. Here, κ = 2π/λ is the optical wave number and d is the link distance in meters.
Cn2 stands for the altitude-dependent index of the refractive structure parameter and varies
from 10−13 m−2/3 for strong turbulence to 10−17 m−2/3 for weak turbulence [2]. It must
be emphasized that parameters α and β cannot be arbitrarily chosen in FSO applications,
being related through the Rytov variance. It can be shown that the relationship α > β always
holds, and the parameter β is lower bounded above 1 as the Rytov variance approaches ∞
[30]. In relation to the impact of pointing errors [7], assuming a Gaussian spatial intensity
profile of beam waist radius, ωz , on the receiver plane at distance z from the transmitter and
a circular receive aperture of radius r, ϕ = ωzeq /2σs is the ratio between the equivalent beam
radius at the receiver and the pointing error displacement
standard deviation (jitter) at the
√
√
√
receiver, ωz2eq = ωz2 πerf(v)/2v exp(−v2 ), v = πr/ 2ωz , A0 = [erf(v)]2 and erf(·) is the
error function [28, eqn. (8.250)]. Nonetheless, the PDF in Eq. (2) appears to be cumbersome to
use in order to obtain simple closed-form expressions in the analysis of FSO communication
systems. To overcome this inconvenience, the PDF is approximated by using the first two
terms of the Taylor expansion at i = 0 as f Im (i ) = am ibm −1 + cm ibm + O(ibm +1 ). As proposed
in [21], we adopt the approximation f Im (i ) ≈ am ibm −1 exp(icm /am ). Different expressions for
f Im (i ), depending on the relation between the values of ϕ2 and β, can be written as

α m β m ( ϕ2 − β m )

m
ϕ2m (αm β m ) β m Γ(αm − β m )
β m −1 i A0 ζ (αm − β m −1)( β m − ϕ2m +1)
i
,
e
f Im (i ) ≈


( A0 ζ m ) β m Γ(αm )Γ( β m ) ϕ2m − β m
 


2
ϕ2m (αm β m ) ϕm Γ αm − ϕ2m Γ β m − ϕ2m ϕ2 −1
f Im (i ) ≈
i m ,
ϕ2m < β m
ϕ2m
( A0 ζ m ) Γ ( α m ) Γ ( β m )

ϕ2m > β m

(4a)
(4b)
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It can be noted that the second term of the Taylor expansion is equal to 0 when the diversity
order is not independent of the pointing error effects, i.e. ϕ2m < β m . In the following section,
the fading coefficient Im for the paths A-B, A-C and and B-C is indicated by I AB , I AC and
IBC , respectively.

3. Error-rate performance analysis
For the sake of clarity, without loss of generality, we can consider node A as source and
node B as its relay for the BER evaluation since similar results hold when node B is
considered as the source and node A as its relay. In addition to the BER performance
evaluation corresponding to the cooperative protocol here proposed based on time diversity,
we also consider the performance analysis for the direct path link (non-cooperative link
A-C) to establish the baseline performance as well as BER performance corresponding to the
traditional BDF cooperative protocol analyzed in [19]. Here, it is assumed that the average
optical power transmitted from each node is Popt , being adopted an OOK signaling based
on a constellation of two
√ equiprobable points in a one-dimensional space with an Euclidean
distance of d E = 2Popt Tb ξ, where the parameter Tb is the bit period and ξ represents the
square of the increment in Euclidean distance due to the use of a pulse shape of high PAOPR,
as explained in a greater detail in [10, appendix]. According to Eq. (1), the statistical channel
model corresponding to the A-B link assuming repetition coding with EGC during the first
and second frames can be written as

YAB =

1
X ( I AB1 + I AB2 ) + Z ABEGC ,
2

X ∈ {0, d E },

Z ABEGC ∼ N (0, N0 )

(5)

The information is detected each bit period, combining with the same weight 2 noisy faded
signals in a similar manner to a SIMO FSO scheme with EGC [23] and, this way, increasing
the diversity order for the source-relay link. As shown in Table 1, since in the first phase of
the cooperative protocol the node A transmits the same information to the nodes B and C
and the fact that in the second phase transmits again this information overlapping with the
third phase corresponding to the symmetric scheme, the division by 2 is considered so as to
maintain the average optical power in the air at a constant level of Popt , being transmitted
by each laser an average optical power of Popt /2. Assuming channel side information at the
receiver, the conditional BER at the node B is given by
PbAB

( E| I ABT ) = Q



(d E /2)2 i2 /4N0



=Q



(γ/4)ξi



(6)

where I ABT represents the sum of variates I ABT = I AB1 + I AB2 , Q(·) is the Gaussian-Q
 ∞ t2
2 T /N represents the received
function defined as Q( x ) = √1 x e− 2 dt and γ = Popt
0
b
2π
electrical SNR in absence of turbulence when the classical rectangular pulse shape is adopted
for OOK formats. Since the variates I AB1 and I AB2 are independent, knowing that the
resulting PDF of their sum I ABT can be determined by using the moment generating function
of their corresponding PDFs, obtained via single-sided Laplace and its inverse transforms,
approximate expression for the PDF, f IAB (i ), of the combined variates can be easily derived
T
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from Eq. (4) as
f IAB (i ) ≈
T

Γ(2b AB )
a2AB Γ(b AB )2 2b AB −1 i 2caAB bΓAB
i
e AB (2b AB +1)
Γ(2b AB )

(7)

Hence, the average BER, PbAB ( E), can be obtained by averaging PbAB ( E| I ABT ) over the PDF
as follows

 ∞ 
AB
Pb ( E) =
(γ/4)ξi f IAB (i )di.
(8)
Q
T

0

To evaluate the integral in Eq. (8), we can use that
√ the Q-function is related to the
complementary error function erfc(·) by erfc( x ) = 2Q( 2x ) [28, eqn. (6.287)] and [31, eqn.
(2.85.5.2)], obtaining the corresponding approximation of average BER as can be seen in

PbAB ( E)




2c2AB
1 1
b AB , b AB + ; , b AB + 1; 2
≈ π2
γ
2 2
a AB γ


√ 1 (−2b AB −1)
3
3 2c2AB
πγ 2
1
Γ(b AB )2
.
+
2 F̃2 b AB + , b AB + 1; , b AB + ; 2
1
2
2
2 a AB γ
2− 2 (2b AB −1) ( a AB b AB c AB )−1

√

(b AB −1) −b AB

Γ(b AB )2 a2AB 2 F̃2

(9)

where p F̃q ( a1 , · · · , a p ; b1 , · · · , bq ; x ) is the generalized hypergeometric function [28, eqn.
(9.14.1)] and the value of the parameters a AB and b AB depends on the relation between
ϕ2 and β as obtained in Eq. (4). Considering now that the PDF in Eq. (2) is approximated
by using the first term of the Taylor expansion, i.e. assuming in Eq. (9) a value of c AB = 0,
it is straightforward to show that the average BER behaves asymptotically as (Λc γξ )−Λd ,
where Λd and Λc denote diversity order and coding gain, respectively. At high SNR, if
asymptotically the error probability behaves as (Λc γξ )−Λd , the diversity order Λd determines
the slope of the BER versus average SNR curve in a log-log scale and the coding gain Λc (in
decibels)
determines the shift
in Eq. (9) that
 of the curve in SNR. Since c AB = 0 we can use AB

p Fq a1 , . . . , a p ; b1 , . . . , bq ; 0 = 1 [28, eqn. (9.14.1)]. It is easy to deduce that Pb ( E ) behaves
asymptotically as 1/γb AB , corroborating not only that the diversity order corresponding to
the source-relay link is independent of the pointing error when ϕ2 > β but also the fact that
the diversity order has been increased twice if compared to the BDF cooperative protocol
analyzed in [19], as also shown in [20].
Once the error probability at the node B is known, two cases can be considered to evaluate
the BER corresponding to the BDF cooperative protocol here proposed depending on the fact
that the bit from the relay A-B-C is detected correctly or incorrectly. In this way, the statistical
channel model corresponding to the BDF cooperative protocol, i.e. the bits received at C
directly from A-C link and from the relay A-B-C can be written as
YBDF =

1
1
XI + Z AC + X ∗ IBC + ZBC ,
2 AC
2

X ∈ {0, d E },

Z AC , ZBC ∼ N (0, N0 /2)

(10)
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where X ∗ represents the random variable corresponding to the information detected at the
node B and, hence, X ∗ = X when the bit has been detected correctly at B and X ∗ = d E − X
when the bit has been detected incorrectly. As shown in Table 1, since in the first phase of
the cooperative protocol the node A transmits the same information to the nodes B and C
and the fact that the third phase is overlapped with the second phase corresponding to the
symmetric scheme, transmitting information from node B to nodes C and A, the division by
2 is considered so as to maintain the average optical power in the air at a constant level of
Popt , being transmitted by each laser an average optical power of Popt /2.
Considering that the bit is correctly detected at B, the statistical channel model for the BDF
cooperative protocol can be expressed as
YBDF0 =

1
X ( I AC + IBC ) + ZBDFEGC ,
2

X ∈ {0, d E },

ZBDFEGC ∼ N (0, N0 )

(11)

As in previous analysis corresponding to 
the source-relay
link, the conditional BER at


BDF0
(γ/4)ξi , where IT represents the sum of
the node C is given by Pb
( E | IT ) = Q
variates IT = I AC + IBC . Since the variates I AC and IBC are independent, knowing that the
resulting PDF of their sum IT can be determined by using the moment generating function
of their corresponding PDFs, obtained via single-sided Laplace and its inverse transforms,
approximate expression for the PDF, f IT (i ), of the combined variates can be easily derived
from Eq. (4) as

f IT ( i ) ≈

+ a BC b AC c AC )
a AC a BC Γ(b AC )Γ(bBC ) b AC +bBC −1 i Γ(b AC +baBC )(aa ACΓ(bbBC cBC
AC BC
AC +bBC +1)
i
e
.
Γ(b AC + bBC )

(12)

From this expression, the average BER, PbBDF0 ( E), can be determined as follows
PbBDF0 ( E)

=

 ∞
0

Q



(γ/4)ξi



f IT (i )di.

(13)

Evaluating this integral as in Eq. (8), we can obtain the corresponding closed-form
asymptotic solution for the BER as follows

√ 1
1
PbBDF0 ( E) ≈ π2 2 (b AC +bBC −2) a AC a BC Γ(b AC )Γ(bBC )γ− 2 (b AC +bBC )


b AC + bBC b AC + bBC + 1 1 b AC + bBC + 2 2( a BC b AC c AC + a AC bBC c BC )2
× 2 F̃2
,
; ,
;
2
2
2
2
a2AC a2BC (b AC + bBC )2 γ
√ 1
1
+ π2 2 (b AC +bBC −2) Γ(b AC )Γ(bBC )( a AC bBC c BC + a BC b AC c AC )γ− 2 (b AC +bBC +1)


b AC + bBC + 1 b AC + bBC + 2 3 b AC + bBC + 3 2( a BC b AC c AC + a AC bBC c BC )2
× 2 F̃2
,
; ,
;
2
2
2
2
a2AC a2BC (b AC + bBC )2 γ
(14)
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From this expression, as previously commented in Eq. (9), it is easy to deduce that
1
PbBDF0 ( E) behaves asymptotically as 1/γ 2 (b AC +bBC ) when c AC = 0 and c BC = 0 are considered,
assuming now that the PDF in Eq. (2) is approximated by using only the first term of the
Taylor expansion.
Alternatively, considering now that the bit is incorrectly detected at B, the statistical channel
model for the BDF cooperative protocol can be expressed as
YBDF1 =

1
d
X ( I AC − IBC ) + E IBC + ZBDFEGC ,
2
2

X ∈ {0, d E },

ZBDFEGC ∼ N (0, N0 )

(15)

Assuming channel side information at the receiver and given that the statistics corresponding
to the term d2E IBC become irrelevant to the detection process,the conditional BER at the

node C is given by PbBDF1 ( E| I AC , IBC ) = Q
(γ/4)ξ (i1 − i2 ) . Hence, the average BER,
PbBDF1 ( E), can be obtained by averaging over the PDF as follows
PbBDF1 ( E) =

 ∞ ∞
0

0

Q



(γ/4)ξ (i1 − i2 )



f IAC (i1 ) f IBC (i2 )di1 di2 .

(16)

Unfortunately, the result in Eq. (16) is not dominated by the behavior of the PDF near the
origin because of the argument of the Gaussian-Q function is not always positive [32]. As
in [19], to overcome this inconvenience, we can use the expression Q(− x ) = 1 − Q( x ) to
manipulate the negative values on the argument of the Gaussian-Q function in Eq. (16)
together with the fact that Gaussian-Q function tends to 0 as γ → ∞, simplifying the integral
in Eq. (16) as follows

.
PbBDF1 ( E) =

 ∞ i2
0

0

f IAC (i1 ) f IBC (i2 )di1 di2 .

(17)

It can be noted that the asymptotic behavior of PbBDF1 ( E) is independent of the SNR γ,
resulting in a positive value that is upper bounded by 1. To evaluate the integral (17), we
can use the Meijer’s G-function [28, eqn. (9.301)], available in standard scientific software
packages such as Mathematica and Maple, in order to transform the integral expression to
the form in [33, eqn. (21)], expressing Kµ (·) [33, eqn. (14)] in terms of Meijer’s G-function.
In this way, a closed-form solution is derived as can be seen in

.
PbBDF1 ( E) =



 3,4
ϕ2AC ϕ2BC G5,5





 1, 1 − α BC , 1 − β BC , 1 − ϕ2 , ϕ2 + 1
BC
AC


ϕ2AC , α AC , β AC , − ϕ2BC , 0
.
Γ(α AC )Γ(α BC )Γ( β AC )Γ( β BC )

ζ BC α AC β AC A0BC
ζ AC α BC β BC A0 AC

(18)

Nonetheless, it must be emphasized that the Meijer’s G-function has to be numerically
calculated and, hence, the use of Monte Carlo integration to solve Eq. (17) may represent an
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alternative with less computational load. Once the error probability at the node B is known
and considering these two cases, i.e. depending on the fact that the bit from the relay A-B-C
is detected correctly or incorrectly, the BER corresponding to the BDF cooperative protocol
here proposed is given by
PbBDF ( E) = PbBDF0 ( E) · (1 − PbAB ( E)) + PbBDF1 ( E) · PbAB ( E).

(19)

This expression can be simplified taking into account the asymptotic behavior previously
obtained in Eq. (9) and Eq. (14) as follows

.
PbBDF ( E) = PbBDF0 ( E),
.
PbBDF ( E) = PbBDF1 ( E) · PbAB ( E),

b AC + bBC < 2b AB

(20a)

b AC + bBC > 2b AB

(20b)

Taking into account these expressions, the adoption of the BDF cooperative protocol here
analyzed translates into a diversity order gain, Gd , relative to the non-cooperative link A-C
of
Gd = min(b AC + bBC , 2b AB )/b AC

(21)

Comparing with [19, eqn. (25)], it must be noted that a factor of 2 is included in relation to
the diversity order depending on the source-relay link because of repetition coding assumed
in the cooperative protocol based on time diversity, as was shown in [20] using alternative
expressions. As shown in [11, 19] by the authors, it can be deduced that the main aspect
to consider in order to optimize the error-rate performance is the relation between ϕ2
and β, corroborating that the diversity order corresponding to each link is independent of
the pointing error when ϕ2 > β. Once this condition is satisfied an analysis about how
Eq. (21) can be optimized is required, evaluating if the diversity order corresponding
cooperative protocol is determined by the source-destination and relay-destination links or
by the source-relay link. For the better understanding of the impact of the configuration
of the three-node cooperative FSO system under study, the diversity order gain Gd in Eq.
(21) as a function of the horizontal displacement of the relay node, x B , is depicted in Fig. 2
for a source-destination link distance d AC = {3 km, 6 km} and different turbulence conditions
when different relay locations along the source-destination distance are assumed. Here, the
diversity order gain corresponding to the BDF cooperative protocol analyzed in [19] is also
included in order to show the improvement in performance achieved when repetition coding
is assumed in the source-relay link transmission. In contrast to the analysis in [19], it must
be commented that the impact of the deterministic propagation loss ζ m is here considered,
assuming clear weather conditions with visibility of 16 km. Here, the parameters α and β
are calculated from Eq. (3a) and Eq. (3b), λ = 1550 nm and values of Cn2 = 1.7 × 10−14
and Cn2 = 8 × 10−14 m−2/3 for moderate and strong turbulence, respectively, are adopted.
In any case, the condition ϕ2 > β is satisfied for each link and, hence, these results are
independent of pointing errors. These curves are corresponding to the intersection of two
profiles related to the expressions ( β AC + β BC )/β AC and 2β AB /β AC , as deduced from Eq.
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Diversity order gain, Gd

(21). The improvement in performance can be easily corroborated by the fact that, even
when the available diversity order is dependent on the relay location, this is now related to
the expression 2β AB /β AC , being twice as in [19], fully exploiting the potential time-diversity
available in the turbulent channel corresponding to the source-relay link. It can be noted that
a diversity order greater than two is always guaranteed regardless of the relay location and
source-destination link.
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Figure 2. Diversity order gain for source-destination link distances of d AC = {3, 6} km when different relay
locations are assumed.

The approximate BER results corresponding to this analysis with rectangular pulse shapes
and ξ = 1 are illustrated in Fig. 3, when different relay locations for source-destination link
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distances d AC = {3 km, 6 km} are assumed together with values of normalized beamwidth
and normalized jitter of (ωz /r, σs /r ) = (5, 1) and (ωz /r, σs /r ) = (10, 2). Monte Carlo
simulation results are furthermore included as a reference, confirming the accuracy and
usefulness of the derived results. Due to the long simulation time involved, simulation
results only up to BER=10−9 are included. Simulation results corroborate that approximate
expressions here obtained lead to simple bounds on the bit error probability that get tighter
over a wider range of SNR compared to asymptotic expressions previously presented in
[20]. Additionally, we also consider the performance analysis for the direct path link
(non-cooperative link A-C) to establish the baseline performance as well as BER performance
corresponding to the BDF cooperative protocol analyzed in [19].
As expected, it can be corroborated that these BER results are in excellent agreement with
previous results shown in Fig. 2 in relation to the diversity order gain achieved for this 3-way
FSO communication setup. For the moderate turbulence case, diversity gains of 3.18 and 2.6
are achieved when d AC =3 km and relay locations of (x B =1.6 km; y B =0.5 km) and (x B =2 km;
y B =1 km), respectively, in contrast to the diversity gains of 1.84 and 1.3 achieved by the BDF
cooperative protocol analyzed in [19]. Analogously, it can be seen that diversity gains of
2.07 and 2.18 are obtained when d AC =6 km and relay locations of (x B =2 km; y B =2.5 km)
and (x B =4.5 km; y B =0.5 km), respectively, in contrast to the diversity gains of 1.31 and 1.09
achieved by the BDF cooperative protocol analyzed in [19]. For the strong turbulence case, the
improvement in diversity order gain is even more significant. From previous results, it can
be concluded that not only a significant improvement in performance has been obtained by
increasing the diversity order but also that a greater robustness is now achieved regardless of
the source-destination link distance. As shown in Fig. 2, it can be deduced from Eq. (21) that
the diversity order gain, Gd , is lower as the value of y B is increased, presenting a maximum
value wherein the two profiles related to the expressions ( β AC + β BC )/β AC and 2β AB /β AC
intersect.
Additionally, a greater robustness to the impact of pointing errors is provided by the
BDF cooperative protocol here proposed in case that the condition ϕ2 > β is not satisfied,
as shown in Fig. 4 for a vertical displacement of the relay node of y B =0.5 km and a
source-destination link distance of d AC = 3 km when moderate turbulence conditions are
considered. In this configuration, a normalized beamwidth of ωz /r = 7 and different values
of normalized jitter σs /r = {1, 2.5, 4} are assumed in order to contrast the impact of pointing
errors when the condition ϕ2 > β is or not satisfied for each link. It can be observed that
diversity gains even greater than 3 are achieved by the BDF protocol here proposed when
(ωz /r, σs /r ) = (7, 1), not being affected by pointing errors, decreasing this value down to 2 as
the normalized jitter increases. However, a remarkably greater deterioration in performance
is displayed when the traditional BDF protocol is considered.
These conclusions are contrasted in Fig. 5, wherein BER performance for a source-destination
link distance of d AC = 3 km and a relay location of (x B =1.7 km; y B =0.5 km) when values of
normalized beamwidth of ωz /r = 7 and normalized jitter of σs /r = {1, 2.5, 4} are assumed.
As before, we also consider the performance analysis for the direct path link (non-cooperative
link A-C) to establish the baseline performance. These BER results are in excellent agreement
with previous results shown in Fig. 4 in relation to the diversity order gain achieved for this
3-way FSO communication setup when pointing errors are present. In this way, diversity
gains of 3.4, 2.3 and 2 are achieved when values of normalized jitter of σs /r = {1, 2.5, 4} are
assumed, respectively.
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Figure 3. BER performance when different relay locations for d AC = {3, 6} km are assumed together with
values of normalized beamwidth and normalized jitter of (ωz /r, σs /r ) = (5, 1) and (ωz /r, σs /r ) = (10, 2),
respectively, and moderate and strong turbulence conditions are considered.
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Figure 4. Diversity order gain Gd for a source-destination link distance of d AC = 3 km and vertical displacement
of the relay node of y B = 0.5 km when moderate turbulence conditions, values of normalized beamwidth of
ωz /r = 7 and normalized jitter of σs /r = {1, 2.5, 4} are assumed.
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Figure 5. BER performance is depicted for d AC = 3 km and a relay location of (x B =1.7 km; y B =0.5 km) when
values of ωz /r = 7 and σs /r = {1, 2.5, 4} are assumed as well as when no pointing errors are considered.
Results assuming the optimum beamwidth corresponding to these values of normalized jitter are also included.
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As concluded in [11, 19] by the authors, the adoption of transmitters with accurate control of
their beamwidth is especially important to satisfy the condition ϕ2 > β in order to maximize
the diversity order gain. Once this condition is satisfied, it can be convenient to compare with
the BER performance obtained in a similar context when misalignment fading is not present.
Knowing that the impact of pointing errors in our analysis can be suppressed by assuming
A0 → 1 and ϕ2 → ∞ [7], the corresponding asymptotic expression for the configuration
analyzed in Fig. 4 can be easily derived from Eq. (20a) as follows

npe npe

PbBDF ( E)

β AC + β BC

1
. a a BC 2 2 Γ( β AC )Γ( β BC )
� (γξ )− 2 ( β AC + β BC ) ,
�
= AC
β AC β BC
1
2L AC L BC Γ 2 ( β AC + β BC + 2)

npe

(22)

npe

where the parameters a AC and a BC are obtained from the Taylor expansion in Eq. (4) when
no pointing errors are present as follows

npe

am =

(αm β m ) β m Γ(αm − β m )
.
Γ(αm )Γ( β m )

(23)

In Fig. 5, BER performance in the same FSO context without pointing errors is also
displayed. In the same way as concluded in [19], the impact of the pointing error
effects translates into a coding gain disadvantage, D pe [dB], relative to this 3-way FSO
communication setup without misalignment fading given by

ϕ2AC
20
D pe [dB] 
log10  β
β AC + β BC
A AC ( ϕ2 − β
0 AC

AC

ϕ2BC
β

BC
2
AC ) A0BC ( ϕ BC − β BC )



.

(24)

According to this expression, it can be observed in Fig. 5 that a coding gain disadvantage of
28.75 decibels is achieved for a value of (ωz /r, σs /r ) = (7, 1) in the three-node cooperative
FSO system here proposed. Since proper FSO transmission requires transmitters with
accurate control of their beamwidth, the optimization procedure is finished by finding the
optimum beamwidth, ωz /r, that gives the minimum BER performance. It can be observed
that this is equivalent to minimize the expression in Eq. (24), deducing that the optimization
process for the transmit laser corresponding to the source node and the optimization process
corresponding to the relay node are independent. Hence, the optimum beamwidth for each
transmit laser can be achieved using numerical optimization methods for different values
of normalized jitter, σs /r and turbulence conditions [34] in a similar approach as reported
in [11]. In this way, it can be shown that BER optimization provides numerical results for
the normalized beamwidth ωz /r following a linear performance for each value of distance,
where its corresponding slope is subject to the turbulence conditions. This leads to easily
obtain a first-degree polynomial given by
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ωz /r optimum ≈ −0.034β2 + 0.72β + 2.15 σs /r,

(25)

where the slope follows a quadratic form in β [11]. The use of this expression is also
shown in Fig. 5, where results assuming the optimum beamwidth corresponding to values of
normalized jitter of σs /r = {1, 2.5, 4} are also included. Using Eq. (25) for a value of σs /r = 1,
a coding gain disadvantage of D pe = 21.6 decibels is achieved when values of ωz /r AC = 3.17
and ωz /r BC = 4.17 are assumed, improving BER performance in 7 decibels if compared to
previous case wherein ωz /r = 7 is considered for source-destination and relay-destinations
links. Additionally, an even greater improvement in BER performance is corroborated for
values of normalized jitter of 2.5 and 4, wherein the diversity order is increased since the
condition ϕ2 > β is satisfied. In this way, using Eq. (25) for a value of σs /r = 2.5, a coding
gain disadvantage of D pe = 37.49 decibels is achieved when values of ωz /r AC = 7.93 and
ωz /r BC = 10.43 are assumed. Using Eq. (25) for a value of σs /r = 4, values of ωz /r AC =
12.68 and ωz /r BC = 16.69 are obtained, achieving a coding gain disadvantage of D pe =
45.65 decibels relative to this 3-way FSO communication setup without misalignment fading.
Nonetheless, it must be emphasized in this case that nearly 50 decibels less in average SNR
are required to guarantee a target BER of 10−8 after optimizing the normalized beamwidth
ωz /r.

4. Conclusions
In this chapter, a novel closed-form approximation bit error-rate (BER) expression based
on [21] is presented for a 3-way FSO communication setup when the irradiance of the
transmitted optical beam is susceptible to either a wide range of turbulence conditions
(weak to strong), following a gamma-gamma distribution of parameters α and β, or pointing
errors, following a misalignment fading model where the effect of beam width, detector
size and jitter variance is considered. The resulting BER expression is shown to be very
accurate in the range from low to high SNR, requiring the first two terms of the Taylor
expansion of the channel probability density function (PDF). Simulation results are further
demonstrated to confirm the accuracy and usefulness of the derived results. Fully exploiting
the potential time-diversity available in the turbulent channel, a greater diversity gain
determined by Gd = min( β AC + β BC , 2β AB )/β AC is achieved, where β AC , β BC and β AB
are parameters corresponding to the turbulence of the source-destination, relay-destination
and source-relay links. The superiority of the BDF relaying scheme using time diversity,
compared with the traditional cooperative protocol, is corroborated by the obtained results
since a greater robustness is provided not only to the pointing errors but also to the
relay location, presenting a similar performance regardless of the source-destination link
distance. Additionally, asymptotic expressions are used to find the optimum beamwidth
that minimizes the BER at different turbulence conditions as well as to determine a more
favorable relay location.
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