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Abstract  

The Internet today is dominated by more and more multimedia applications such as 

HD videos, VoIP services and online gaming, which have driven the bandwidth demand. 

Dense Wavelength Division Multiplexing (DWDM) enables hundreds of wavelength 

channels to be transmitted within one physical optical fiber with rates at 100Gbps per 

channel and beyond. This is the most promising solution to build the next generation 

networks. However, the all-optical DWDM network is not practical right now due to the 

limitations on optical technologies. On the other hand, new services such as cloud 

computing produce heterogeneous data traffic, which has different Quality-of-Service 

(QoS) requirements for different applications. A reconfigurable multimode switching 

router is positioned as a service platform to support the next generation networks in this 

dissertation. The reconfigurable multimode switching router can perform electronic 

packet switching, optical circuit switching and optical burst switching concurrently with 

dynamic reconfiguration capability. 

In this work, a mathematical model to analyze the blocking probability of the 

multimode router with full wavelength conversion and partial wavelength conversion is 

presented. The model provides an efficient way to evaluate performance of the 

multimode router under various traffic scenarios, and gives insights into traffic sharing 

and queueing in the multimode router. In order to enable packet level traffic 

managements in optical networks, a packetized DWDM network is proposed to provide a 

better QoS guarantee. A dynamical resource allocation scheme is proposed to assign 

bandwidth to different flows with absolute end-to-end delay guarantees. Results show the 



 viii

efficiency of the proposed QoS provisioning method to assign the appropriate amount of 

bandwidth to the traffic to meet its QoS requirements. An Open Channel multimode 

switching network is designed to improve the QoS support. Open channels can be 

established dynamically based on requests and real-time traffic conditions. A dynamic 

online routing scheme is applied to create open channels using the traffic information at 

each hop. Numerical results demonstrate the efficiency of the open channel approach. 

The-state-of-the-art research and commercial network architectures are reviewed, and the 

reconfigurable multimode switching router is considered as a promising service platform 

to support new network paradigms and services. 
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Chapter 1 Introduction 

Since the birth of Internet communication systems, the data transmission traffic 

continues to grow with an annual rate of 40-50 percent. Recently, more and more 

multimedia applications such as videos, Voice over IP (VoIP) services, and gaming have 

been greatly stimulated due to the popularity and development of today’s Internet. These 

applications have brought tremendous traffic load into the network. In addition, the 

explosive growth of the mobile devices such as smart phones and tablets has also 

stimulated the blooming of applications with even higher bandwidth requirements. 

Research has shown that the mobile cellular Internet usage is doubling every year, which 

is a very remarkable growth. Global Internet usage through mobile devices has reached 

10% in January 2012 and is expected to overtake wired Internet access by 2015. 

Furthermore, novel Internet services such as cloud computing have presented new 

challenges on bandwidth to existing communication systems.  

All of these requirements have driven the network architecture to accommodate 

novel applications and services. On the service provider’s side, how to accommodate 

existing infrastructure while achieving high bandwidth with more flexibility in switching 

and traffic managements is one of the major concerns. The cost and performance are the 

two major issues in the massive implementation of advanced networks. On the client’s 

side, more sophisticated network paradigm is necessary to support heterogeneous 

applications and services. Different applications and even messages within the same 

application may have different latency sensitivity. Dynamic configuration feature is 

demanded to serve different applications with better QoS guarantee to the end users.  
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 Dense Wavelength Division Multiplexing (DWDM), which allows hundreds of 

wavelengths to carry traffic load at 100 Gbps per wavelength within each optical fiber 

link, has been considered as the ultimate solution for all-optical network systems. As the 

most feasible technique to provide super high bandwidth in the backbone network, 

DWDM has been deployed by the network venders to adapt to the explosion of traffic 

from the end users. In order to utilize the high bandwidth in each wavelength efficiently 

while providing support to the heterogeneous traffic with more flexibility in manipulation 

and managements, DWDM requires sophisticated switching and routing schemes at the 

edge and intermediate nodes. Right now, there are several switching techniques, some of 

which are performed electronically while others are performed in the optical domain. 

Electronic packet switching (EPS) has been used widely. Optical switching, usually 

considered more transparent, includes Optical Circuit Switching (OCS), Optical Burst 

Switching (OBS), and Optical Packet Switching (OPS). Each switching technique has its 

own advantages and drawbacks. No single switching technology can meet all the 

demands today. 

Optical Burst Switching is considered the most promising form of switching in 

optical networks. In OBS networks, schedulers at the edge router operate at the 

granularity of formed bursts. However, the lack of packet-level traffic management 

support is a major drawback of OBS networks. Electronic packet switching is the only 

switching technology can provide packet level switching with the finest switching 

granularity today, but it need expensive O/E/O conversion and is not scalable with large 

scale and massive deployments of DWDM networks. OBS is more effective to be 

accommodated with DWDM networks since its basic switching unit is a burst instead of a 
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packet. The challenge is how to provide packet-level traffic management, which is not 

available in OCS or OBS networks. In addition, flow-based switching schemes are also 

desirable to improve the end-to-end QoS provisioning with more flexibility on switching 

and wavelength assignments. For example, streaming HD video generates less bursty but 

delay sensitive network traffic flows that last for an extended period of time. How to 

deliver the QoS promises to these traffic flows and how to deal with multiple flows more 

efficiently become an important consideration for advanced network equipment designs.  

This dissertation addresses several critical aspects of advancing networking 

technologies for the fast growing Internet. An overview of the optical communication 

systems is presented in Chapter 2 including the history, evolution and the state of the art. 

Three types of the most popular network architecture are described as well as the latest 

related researches. The DWDM multimode switching network concept is introduced. 

In Chapter 3, the architecture of the multimode router and its major advantage of 

having a shared converter pool is described. A corresponding mathematical model is 

derived to evaluate the blocking probability of the novel router with full and partial 

wavelength conversion. Furthermore, an approximation is performed to provide a more 

practical evaluating method with good accuracy. The agreement between software 

simulation results and analytical results demonstrate the efficiency of this blocking 

analysis.  

In Chapter 4, a Packetized Multimode Switching Network is proposed to provide 

per-flow end-to-end QoS guarantee using the network calculus framework. The network 

architecture and the scheduler design are described in detail. A new QoS provisioning 

scheme with network modeling and per-flow queueing is proposed. A sliding window 
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technique with adjustable widths is designed to guarantee the performance of mission 

critical applications. In addition to the deterministic QoS guarantee, probabilistic QoS 

bound has been developed to achieve resource savings.  

Chapter 5 is mainly focused on the design and modeling of an Open Channel 

DWDM network proposed in this dissertation. The requirements on the QoS support and 

current limitations are first summarized. Then, the open channel concept is introduced in 

the DWDM network with the proposed network architecture. An open channel signaling 

protocol is described to create open channels using existing resource and infrastructures 

in the network. A graph-based model is described and an optimal routing scheme is 

presented to establish an open channel dynamically. The numerical results are presented 

to demonstrate the efficiency of this novel network architecture.  

In Chapter 6, detailed literature reviews and discussions are provided on promising 

commercial applications of DWDM networks as well as on-going researches. Those 

applications and network architectures are focused on developing next generation 

networks to meet different demands. WDM Passive Optical Network (PON) is a 

promising candidate for Fiber to the Home (FTTH) and Fiber to the Building (FTTB) to 

deliver high bandwidths with better QoS to the end users. Elastic bandwidth networks are 

designed to provide more flexibility to the wavelength switched network with higher 

bandwidth utilization efficiency compared to the standard wavelength switching. 

OpenFlow network is a new research direction in network virtualization. The 

reconfigurable multimode router is positioned as the service platform to support new 

architectures.  

Chapter 7 summarizes the proposed work. New network paradigm is needed to 
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utilize the bandwidth more efficiently while providing more dynamically traffic 

management capabilities. The proposed DWDM Multimode Switching schemes and the 

packetized features can be the unified solution to the next generation networks.  
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Chapter 2 Background  

2.1 Optical Communication Systems 

The fiber communication systems are based on physical connections made with 

optical fibers, which are used as a media to transmit light. The light source is modulated 

to carry information at the edge and then injected into the network. All lightpaths are 

operated at certain frequencies (or wavelengths) to get better performance. C bands and L 

bands are most used wavelengths since the chromatic dispersion is minimal at these 

wavelengths. Although treated as a great success, the initial optical fiber communication 

system only deployed one channel in a single fiber transmitted at a data rate of hundreds 

of Kbps. In order to enhance the transmission capacity of optical fiber communication, 

researches have been focused on two approaches. One is to improve the transmission rate 

at a single channel while the other is to enable more transmission channels within one 

physical fiber. With modern modulation and channel coding techniques and advanced 

optical devices, currently the bandwidth for one channel is moving from 40Gbps towards 

100Gbps and beyond. On the other hand, enabling more transmission channels within one 

physical link is also a promising method to utilize existing optical connections more 

efficiently. Wavelength Division Multiplexing (WDM) technique supports multiple 

wavelengths to be multiplexed and transmitted within one physical fiber while keeping 

each channel operated individually. The main advantage of this scheme is that it allows 

service provider to expand the network capacity by adding more wavelengths to the 

existing physical connection without changing the current infrastructure. The early WDM 

can only combine several wavelengths, each of which operated at a rate of gigabits per 
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second. At the early stage, the distance and the number of wavelengths were both limited 

due to the attenuation and the power split technology. Later on, advanced optical 

modulator and Erbium Doped Fiber Amplifier (EDFA) not only greatly extend the reach 

of the WDM network but also drive the development of dense wavelength division 

multiplexing architecture. 

2.2 Overview of Dense Wavelength Division Multiplexing Technologies 

Dense wavelength division multiplexing (DWDM) allows hundreds of wavelengths 

to be combined in one physical optical fiber by using different wavelengths (colors) of 

the laser light. It can realize huge amount of bandwidth to meet the demand of today’s 

Internet traffic. DWDM has become the standard for the next generation optical networks. 

Increasingly, bandwidth is brought to the core network by adding DWDM channels. 

The DWDM system uses a passive optical multiplexer to couple all the incoming 

wavelengths into a single fiber. On the receiver side, an optical demultiplexer is 

implemented to separate all the wavelengths. With these features, wavelengths can be 

added or dropped easily, and the bandwidth of a certain link can be expanded by adding 

more wavelengths without redesigning the communication system. This is often achieved 

by using Optical/Electrical/Optical (O/E/O) conversion at the edge router to interface 

with existing electrical communication equipment. Most DWDM systems contain a 

DWDM multiplexer, an intermediate line repeater, an optical add-drop multiplexer, a 

DWDM demultiplexer, and an optical supervisory channel.  

Optical add-drop multiplexer (OADM) in DWDM systems can add and drop 

certain wavelengths. Previously, this operation can only be done manually by inserting 

and removing the line cards and this would interrupt the pass through optical signal. With 



 8

the development of the ROADM (Reconfigurable Optical Add-drop Multiplexer), the 

reconfiguration can be performed through software without disturbing the pass-through 

channels.  

DWDM technology implemented in optical networks has brought in huge 

bandwidth capacity, and it has been considered one of the most promising techniques to 

realize the next generation networks. Hundreds of wavelengths can be combined in one 

physical optical fiber; apparently this requires more sophisticated switching schemes. 

Switching is only performed in the core nodes to direct the traffic to the desired DWDM 

links. Transparent switching is desirable in the DWDM network, since switching in the 

optical domain can be more effective and save expensive converters, which is critical in 

DWDM networks with a large number of wavelength count. In addition to optical 

switching, the network can also perform electronic switching with optical interfaces. In 

this case, the signals from the optical channel need O/E/O conversion at each electronic 

switching node.  

Electronic Packet Switching (EPS), the only practical switching technique that can 

be performed at the packet level, provides the finest switching granularity and a variety 

of traffic management schemes. However, EPS is not scalable with DWDM as the 

number of channels increases due to expensive O/E/O conversion. In contrast, optical 

switching can be cost effective by allowing the traffic to pass the router optically. 

Unfortunately, neither of the two practical optical switching schemes, namely, Optical 

Circuit Switching (OCS), and Optical Burst Switching (OBS), can support packet level 

switching.  
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2.2.1 ROADM (Reconfigurable Optical Add/Drop Multiplexer) 

Typically, optical circuit switching has the granularity at the wavelength level 

which means that most manipulations are wavelength based. Establishing a new circuit 

can be achieved by adding a wavelength and dropping it at the desired destination node. 

The widely used optical components at the node to add/drop wavelengths are Optical 

Add/Drop Multiplexers (OADM). Such devices can enable one or more wavelengths to 

be added or dropped at a node with pre-defined add/drop strategies. Usually, OADM can 

be considered as a specific type of optical cross-connects, which can add wavelengths to 

or remove wavelengths from existing multi-wavelength WDM paths. Classical 

wavelength add-drop schemes are fixed which can only support long duration traffic 

flows with predefined routing paths.  

Figure 1 DWDM ring network equipped with ROADM. 
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More advanced OADM with remotely reconfiguration capability is normally 

referred as reconfigurable optical add/drop multiplexers (ROADMs). First equipped in 

the long-haul network in 2005, it began to appear in metro optical networks to deal with 

increasing demand of the metropolitan data traffic. Figure 1 shows a typical metro 

network in a ring topology with ROADM equipped at each site to perform wavelength 

adding/dropping. Today most service providers have employed Reconfigurable Optical 

Add-Drop Multiplexers (ROADMs) as one of the most important optical equipment in 

the DWDM network. ROADM is an advanced form of the optical add-drop multiplexer 

with reconfiguration capability to switch traffic at wavelength level in DWDM systems. 

The main component of a ROADM is the Wavelength Selective Switch (WSS) as shown 

in Figure 2, which allows wavelengths to be added or dropped from a working fiber 

without O/E/O conversion or affecting existing transport channels. There are multiple 

optical switching technologies can be used to realize the switching function of a ROADM, 

 

Figure 2 ROADM architecture. 
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such as MEMS, liquid crystal, thermo optics and the tunable optical filter technology.  

The major advantage of the ROADM is its flexibility. There is no need to set up the 

entire bandwidth paths initially, unlike OADM in which all the wavelength assignments 

are carried out during the initial deployment of the system. ROADM configuration can be 

done whenever needed without affecting the current passing through traffic. Remote 

configuration and reconfiguration are very important for the service providers. However, 

the WSS-based ROADM is limited to only provide optical layer automated switching at 

the midpoints while add/drop at the endpoints still need manual configuration. The recent 

ROADM evaluation is pushing to the delivery of remote and reconfigurable wavelength 

provisioning across the entire optical network in the all-optical layer. 

2.2.2 MEMS Switch 

The cross-connects in the core network are needed by the growth demand on a new 

class of wavelength services. Service providers deploy the core network with a mash 

connected wavelength-based network to provide high bandwidth to the end users with 

scalability, flexibility, and QoS provisioning. Optical switching equipment enables faster 

and cheaper solutions to all-optical switching networks with lower operating power 

consumption. The all-optical cross-connect elements are universally considered as the 

key devices for the next generation of terabits optical networks.  

Micro-Electro-Mechanical-System (MEMS) is one of the most promising 

technologies to support data rate independent optical switches. The manufacturing of 

MEMS is similar to silicon integrated circuit in which materials such as polysilicon, 

silicon dioxide and metal sequentially deposited on a silicon wafer to produce a three 
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dimensional structure. VLSI technology also enables designers to integrate 

micromechanical and microelectronic devices into the same chip. The integration of 

multifunctional systems brings desirable attributes to the MEMS devices including low 

cost, low power, high speed and small size.  

The great features of MEMS devices can offer multiple applications in the optical 

networks such as data modulators add/drop multiplexers, wavelength selective switches, 

and optical switches and cross-connects. Among these optical components, optical 

switches receive the most consideration and interests since they are the most crucial 

modules in a core router to route optical traffic to the desired destination. In the 

deployment of massive wavelength routing networks, the MEMS-based large-scale 

optical switch is an important key device to switch a large number of wavelengths. A 

micro mirror switching array is controlled by the electrostatic mechanisms to shift the 

mirror to direct the incoming light. One leading candidate for large-scale optical cross-

connects is the 3-D micro mirror switches The switching fabrics scales at the number of  

, which means that  switching fabric needs only 2  mirrors to implement. The 

great advantage of this architecture is the simplicity for expansion without changing the 

existing mirror array. Another approach is to utilize small-scale switches to build a 

multistage interconnection network to achieve large-scale switches. This approach is 

attractive as it can build large switches using the small chip components with expandable 

features and simple control mechanisms.  

In addition to building large switches, small-scale switches are also widely used in 

the optical add/drop multiplexer. These small switches such as the 2 2 MEMS-based 

optical switches, can offer high performance with very low insert loss on the order of 1.5-
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3dB and very fast switching capability under 1ms.  

2.3 Packet Switching Network 

Electronic packet switching has been deployed extensively and is currently widely 

used in the IP-based networks. Data is first split into packets, with a header that contains 

packet information about the IP address of the source and the destination, the length of 

the packet, and the sequence of the packets. The IP routers use this information to 

schedule, switch, and route the packets to the destination. Switching and scheduling are 

performed in the electronic domain. If there is a contention, the packet is buffered until 

the resource is released.   

Optical or photonic packet switching (OPS) is an extension of the conventional 

electronic packet switching to the optical domain. In OPS, packet are transmitted and 

switched transparently without O/E/O conversion at each node. However, OPS remains at 

the research stage and is not mature for commercial deployment yet. 

2.3.1 Packet Switching Network Architecture 

Electronic Packet Switching (EPS) was first developed for the electrical switching 

networks in which the electronic packets are transmitted via the Ethernet cables and 

switched electrically in the Ethernet switches. Moved on to the optical communication, 

all transmissions in the core network are conducted in the optical domain. In this way, the 

EPS can be implemented in the core network with O/E/O converter pairs. As shown in 

Figure 4, first packets are converted to the optical signals before they enter the optical 

network. Then all the optical packets are transmitted via the DWDM links leading 

towards the destination. At the core node shown in Figure 4, each optical packet is 
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converted back to the electrical domain to be processed. Packets are electronically 

processed and routed to the desired output channel. If there is a contention, the packet 

needs to be buffered until the required channel is released. Finally, packets are converted 

to the optical domain and then transmitted through the lightpath. At the egress edge, the 

packets are converted to electrical packets and forwarded to the end user. In order to 

utilize the optical transmission facility while switched electronically at the core routers, 

each DWDM wavelength needs an O/E/O converter pair. Obviously, the requirement of 

O/E/O converters limits the scalability of the EPS architecture in the DWDM networks. 

Figure 3 illustrates the electronic switching fabric with O/E and E/O conversion and 

buffers to reduce the possible contention. EPS can switch at the packet level, which is the 

finest granularity. Packet level traffic management is one of the desirable features of 

modern communication systems.  

Once considered as one of the promising solutions for the next generation network, 

optical packet switching (OPS) has been studied with a lot of improvements and variants. 

Extended from the electronic packet switching, OPS is designed to be compatible with 

existing IP layer structure by providing an optical packet level switching feature to 

support the IP traffic.   

OPS is designed to switch at the packet level optically. Each packet has a packet 

header, which contains all the timing and QoS information of the corresponding packet 

payload. Photonic switching is operated based on this information at the core node. When 

the packet arrives, the header is processed in the electrical domain while the packet 

payload is buffered in the optical domain with a fiber delay line (FDL). If there is a 

collision, the packet needs be further buffered optically. 
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Conceptually, optical packet switching is just a natural extension of electronic 

packet switching to the optical domain in the switching fabrics. Unlike EPS which 

switches in the electrical domain while transmitting in the optical domain, OPS transmits 

and switches packets optically. However, practically, OPS networks face many challenges.  

2.3.2 Key Technologies in OPS Networks 

The basic idea of the OPS systems studied today is that they all employ all optical 

Figure 4 Electronic Packet Switching network architecture. 
 

 
Figure 3 Electronic Packet Switching. 
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switching in which the packet payloads are switched in the optical domain transparently. 

Only the packet header, which contains the information about the corresponding data 

packet, is processed in the electrical domain. OPS systems face some technical 

limitations such as the lack of practical optical random access memory (ORAM), 

difficulty in optical signal processing and the processing of control information. Several 

advanced technologies have been proposed and studied as the crucial components to the 

performance and reliability of the OPS system. All optical switches, optical buffer and 

optical wavelength converters are the three key technologies in the implementation and 

operation of the OPS network. Space switch is the most important subsystem in the OPS 

system to switch the optical packet to proper output ports, while the optical buffer and 

wavelength conversion techniques are designed to resolve the contention issue in the 

intermediate node in time and wavelength dimensions.  

The all-optical space switch is the key component in optical packet switching since 

this paradigm was first being proposed 0, where a photonic 2 2 packet switch with input 

buffers was invented. There are two major concerns in enabling optical packet switching, 

namely, the complexity and the processing time. Generally, the space switches include 

non-blocking [4] and blocking switches. The former one is used in the classical electronic 

switching fabric, such as the crossbar matrix network and the cantor network, which can 

always setup a connection between input and output without affecting existing 

connections. However, due to the complexity in both the implementation and the 

algorithm, the non-blocking style switch is less scalable and cost effective in the optical 

domain especially for optical packet switching. Blocking switches such as Banyan 

switches are considered to have the least complexity in switching elements with the self-



 17

routing feature. The tradeoff for scalability is the reduction in throughputs because of the 

internal blocking. Today most of the OPS systems studies are based on blocking 

switching which is more feasible to perform packet switching in the optical domain.  

Due to the optically switched packet payload and the electrically processed packet 

header, a store mechanism for the packet in the optical domain is necessary when the 

control header is being processed or the destined output port is not available. Optical 

buffers [5] are designed to provide temporarily delay in the optical domain as a solution 

to the collision in the time domain. Currently, optical buffer is realized in two ways, 

increasing the light transmission distance via fiber delay line (FDL) technique and 

slowing down the light transmission speed which is called the slow-light technique.  

The FDL approach uses long distance optical fiber to delay the light signals. There 

are two FDL mechanisms, namely, the feedback scheme and the feed-forward scheme. 

Feedback scheme can provide dynamic buffering delay but needs more complex 

hardware implementation and control mechanism. In contrast, the feed-forward scheme 

[6] is easy to implement but it only supports fix buffering time. Most researches are 

focused on feed-forward-based FDL architecture because of its simplicity.  

The slow-light technology [7] is considered as an alternative optical buffering 

approach which can introduce delay to the optical signal by reducing the light group 

velocity. Most researches in slow-light based optical buffer are focused on increasing the 

group index or the slowdown factor. There are several ways to achieve a high group 

index, such as electromagnetically induced transparency (EIT) [8][9][10][11], coherent 

population oscillations (CPO), stimulated scattering and micro-resonator-based schemes   

(e.g., photonic-crystal filters). Most techniques are based on creating resonance which 
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can lead to a sharp change in group index according to the Kramers-Kronig relations. EIT 

is focused on access nonlinear resonant response near an atomic transition. EIT-based 

slow light solution for optical fiber communications has been demonstrated 

experimentally. The limitation is the working condition as EIT can only be achieved in 

vapors, solid crystals [9] and semiconductor quantum wells and quantum dots in a 

laboratory environment. Thus, the material limits as well as the quantum coherence are 

the difficulties for practical implementation of EIT schemes. CPO can work on a variety 

of materials including semiconductor waveguides and erbium-doped fibers, and can be 

more realistically implemented. However, it can only work at bit rates less than 1/ , 

where  is the excited state lifetime of the transition. Beyond that, a reduction of delay 

as well as a distortion of the optical signal will be introduced due to GVD (group velocity 

delay). Stimulated Brillouin scattering (SBS) and stimulated Raman scattering are the 

most used stimulated scattering schemes to generate slow-light effect via stimulated 

scattering the light signals in the fiber. Still the limitation is the bandwidth due to the 

spectral reshaping and GVD, as usually scattering processes are harmful to the fiber 

communication systems.  

The Photonic crystals [12] approach is promising compared to the material 

resonance approaches, which are usually limited by GVD effects and narrow bandwidth. 

The main principle is to create defects in a periodical structure to allow the propagation 

of light whose frequency is located between the photonic bandgap. The major advantage 

of photonic crystals is that the fabrication is on a silicon-on-insulator substrate while the 

limitation is the storage capacity is not enough for practical optical buffering.   

According to the position where the buffer has been equipped, the optical buffer 
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can be divided as input buffers, output buffers and shared buffers [13]. Typically, the 

input and output buffers are equipped at each input and output channel while the shared 

buffer can be shared among multiple channels. Obviously, buffer per channel scheme is 

not scalable for practical deployment. However, the shared scheme requires more 

complex control algorithm and dynamical sharing. Recent researches mostly focuses on 

output buffering scheme to improve the overall performance with limited control 

complexity.  

Despite the research efforts, optical packet switching is not practical in the 

foreseeable future due to the synchronization issue and the challenges of optical buffers. 

Although some buffering mechanisms such as fiber delay line (FDL) has been proposed 

to hold the light, it only works for a limited period of time with discrete time buffering 

and cannot provide random access.  

2.4 Optical Circuit Switching (OCS) Networks 

Circuit switching is a traditional switching scheme used in the telephone network. 

Circuit switching has been introduced to the optical communication system as Optical 

Circuit Switching (OCS) [15][16] or under some other names such as lightpath switching 

Figure 5 Optical Circuit Switching network architecture. 
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and wavelength switching. In an OCS network, an end-to-end lightpath is set up between 

the source and destination node pairs. The entire wavelength is used for resource 

allocation and switching which means the switching granularity is at the wavelength level. 

Unlike OPS, which requires optical buffering, OCS allows transparent data transmission 

in the optical domain without optical buffering. In this scheme, an end-to-end lightpath 

needs to be set up in ahead of the incoming traffic. Such connections usually last for a 

long duration, e.g., months or even years. The advantage of OCS is that due to its 

dedicated lightpath, it has low latency and jitter, and there will be no traffic loss. 

However, the disadvantage is that the exclusive transmission scheme does not allow 

resource sharing among different request. In OCS, switching at the wavelength level 

means that the granularity is coarse. Nevertheless, OCS has received more attention 

recently as the Internet evolves. First, HD video is dominating the Internet with a high 

bandwidth requirement and is delay sensitive. Second, the transmission cost per bit is a 

much smaller fraction than it used to be. Moreover, a tradeoff on bandwidth utilization is 

acceptable to a certain extent since the extra high bandwidth provisioning and low 

transmission cost have changed the situation. In this way, OCS has become more and 

more popular especially for applications with long duration and high bandwidth demand 

such as academic and enterprise use, and grid computing.  

2.4.1 OCS Network Architecture and Control  

Generally, OCS is a wavelength switched network [17][18][19] paradigm in which 

the traffic is switched at the wavelength level and the resource allocation is based on the 

bandwidth of the entire wavelength. As shown in Figure 5, the input traffic and requests 

are gathered at the edge and the edge node sends the requests to the core network based 
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on different signaling schemes used to establish end-to-end dedicated lightpath to serve 

the incoming requests. The established circuit is somewhat similar to the traditional 

circuit switching in telephone networks, in which it is an end-to-end dedicated path which 

occupies the entire wavelength without sharing. Meanwhile, the edge node waits for the 

acknowledgement (ACK) signal from downstream nodes for the availability of the 

downstream links. More specifically, when the traffic request comes in, the edge node 

sends the request to the network to reserve the dedicated lightpath all the way to the 

destination. Core nodes switch the lightpath based on the request and availability of the 

output channels and then sent back the ACK signal to edge to inform the successful setup 

of the lightpath. The edge node waits until the end-to-end circuit is established before 

starting to send traffic through the optical lightpath. If there is a contention at any 

intermediate node, the entire connection setup fails.  

This end-to-end pre-defined lightpath ensures the QoS of the data transmission. As 

end-to-end dedicated reservation scheme is performed with transparency at the 

intermediate nodes, there is no traffic loss during the transmission. However, the 

reservation in advance feature only allows transmission when the end-to-end lightpath is 

set up, otherwise the traffic is either delayed or dumped. Due to wavelength based 

switching and routing schemes, the lightpath cannot be easily changed once established, 

which means usually the circuit connection has relatively long duration. Switching is 

performed at the wavelength level at intermediate routers when establishing the end-to-

end circuit.  

Wavelength switched and routed networks have been commercially implemented 

and deployed. Current commercial optical communication systems are all wavelength 
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based and operated at the wavelength level in the backbone network to provide high 

bandwidth in a long haul topology. Since some of the wavelength-switched networks are 

already in use with mature advanced technologies while some novel circuits based 

paradigms are studied in the academic field, the progress of OCS networks is presented in 

two tracks: the industrial track and the academic track. Obviously, each has different 

focuses and development principles. The industrial track is more focused on: ease of the 

operation, managements and maintenance in a large scale, design of control mechanisms 

compatible with traditional and multilayer protocols, cost effectiveness for massive 

deployment. However, for the research track, more efforts are put in developing novel 

paradigms to utilize the bandwidth more efficiently, providing better latency and loss 

control and developing dynamic schemes to serve new applications such as cloud 

services and real-time applications.  

Several OCS applications and advanced optical communication systems that are 

current being implemented and developed are briefly discussed. In the core network, 

service provider deployed DWDM networks to provide high bandwidth with flexibility. 

Four dynamic signaling and controlling mechanisms to manage wavelength switching in 

the core DWDM network can be summarized as: Generalized Multiprotocol Label 

Switching (GMPLS), Automatic Switched Transport Network (ASTN), and Optical 

Transport Network (OTN).  

2.4.2 Generalized Multiprotocol Label Switching (GMPLS) 

In order to be incorporated into circuit switching, Generalized Multiprotocol Label 

Switching (GMPLS) was proposed [20][21] as an extension to the Multi-Protocol Label 
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Switching (MPLS) which is used for packet switching to identify flows using labeling 

schemes. In a wavelength switched network, GMPLS scheme transmits data in a label-

switched path consisting of wavelengths and fibers. Also, GMPLS has a signaling 

mechanism to establish, route, delete and manage a label-switched path that is 

wavelength switched. Basically, GMPLS protocol has been standardized by the Internet 

Engineering Task Force (IETF) and is currently deployed by telecommunication carriers 

and service providers.  

GMPLS utilizes a unified control plane to dynamically set up, delete, protect and 

restore an end-to-end LSP (Label Switched Path) across all transport equipment in all 

layers. Typically, the main control plane consists of link management, path computation 

and signaling. One commonly used routing protocol is Open Shortest Path First (OSPF) 

[22] to broadcast the link state such as the availability of wavelength-switched resources 

in the network. Resource Reservation Protocol with Traffic Engineering (RSVP-TE) [21] 

is usually used to perform signaling to allow a LSP to request the demanded bandwidth 

with protections. Link Management Protocol (LMP) [23] is used to perform link status 

management as a standard defined by IETF.  

More specifically, a new LSP is established by sending an RSVP-TE path message 

which contains a generalized-label request along with bandwidth requirements and 

protection level towards the destination. The request message is then routed based on the 

constrained shortest-path first scheme with link state information from OSPF. The request 

message may already have information about an explicit route. As soon as the LSP is set 

up successfully, the downstream node sends back an RSVP –TE Resv message to the 

source to imply the generalized label which identifies the LSP.  
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In summary, GMPLS provides circuit switching integrating protocol in the core 

network. A circuit can be established as a Label Switched Path (LSP) which can be at the 

wavelength level, the fiber level or the SDH/SONET channel. However, the commercial 

scope is different from the research as it is more focused on the management of the 

circuits between core nodes with routing and path protection.  

2.4.3 Automatic Switched Transport Network (ASTN) 

Automatic Switched Transport Network (ASTN) is an optical network architecture 

which allows automatic establishment of traffic paths through a switched network with 

automatic management of both signaling and routing of the network. Traditional way to 

create an end-to-end circuit is fulfilled through configurations of individual cross-

connects on every network elements. In contrast, ASTN only needs the user to provide 

the source and destination, demanded bandwidth and quality of service, and ASTN will 

perform the configuration automatically. Meanwhile, the path allocation, routing, optical 

switching setup and bandwidth allocation for service request will all be performed only 

by the ASTN agent without the need to be specified by the user. Based on this automatic 

feature, dynamical circuit provisioning is provided to the user with far more flexibility.  

ASTN is defined by International Telecommunication Union-Telecommunication 

Standardization Sector (ITU-T) with signaling and routing control planes in automatic 

switched networks. ASTN adopts the existing GMPLS as the signaling protocol. This is 

very attractive to the service provider as it can utilize ASTN to provide a unified solution 

among physical platforms with different routing and signaling control and different 

transmission medium for control plane messages and transport plane data. Among all the 
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attributes of ASTN, the most important one is that it can separate the concerns of the end 

users and the provider since the end user does not need to take care of the operation of the 

network.   

2.4.4 Optical Transport Network (OTN) 

Optical Transport Network (OTN) is usually categorized as a successor of 

SONET/SDH to support wavelength division multiplexing (WDM) in the optical 

switching network. OTN has been standardized by the ITU-T as G.709 in December 2009. 

OTN defines a network architecture made up with optical elements connected by optical 

fiber links to provide better transmission performance and high backbone bandwidth. The 

G.709 standard includes the OTN framework that provides transmission operation, 

administration, network maintenance and the forward error correction (FEC) function to 

optical carriers especially to a wavelength multiplexing system (e.g., DWDM). Similar to 

SONET/SDH, OTN specifies a digital wrapper to create an optical data unit (ODU) to 

support existing frames of data regardless of the protocol as shown in Figure 6. The 

digital wrapper is flexible and it allows multiple existing frames of data with different 

Table 1 OTN Interface and Rate. 
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frame sizes to be wrapped into one entity to transmit. The key part of the digital wrap is 

the FEC mechanism that is developed to reduce transmission errors in noisy links.  

Features of the OTN include compatibility, transparency, efficiency, and evolution. 

As being developed to promote network evolution beyond SONET/SDH, OTN supports 

network management functionality of SONET/SDH at the wavelength level with all 

transparency. OTN is a wavelength-based transport network that supports traffic from 

SONET/SDH, Ethernet, IP and WDM transport with supporting of common network 

management platforms. End-to-end management is also provided to avoid midpoint 

termination. The all-transparency feature enables the integration of the physical and 

optical layers and the integration across separate networks via the network framework. It 

has simplified multiplexing/demuliplexing and less signaling overhead to reduce the 

overall network cost. Not only can OTN improve the network performance in the current 

network paradigm, it is also a promising candidate for facilitating the evolution in the 

backbone core network. OTN can provide simple transition from 40G to 100G with 

 

Figure 6 OTN digital wrap concept. 
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support for future wavelength-based transport. FEC is equipped to greatly extend the 

optical reach.  

OTN frame is standardized as the ITU-T G.709 digital wrapper. As shown in Figure 

7, the OTN frame contains three overhead areas: Optical Payload Unit (OPU) overhead, 

Optical Data Unit (ODU) overhead, and Optical Transport Unit (OTU) overhead. This 

overhead information indicates path and session monitoring, communication and 

protection of switching operations. There is a Forward Error Correction (FEC) function 

for each frame to improve SNR, which means longer reach and less optical regeneration.  

2.5 Optical Burst Switching (OBS) 

In order to accommodate the advantages of OPS and OCS, Optical Burst Switching 

is proposed [26][27][28] as a hybrid technique to provide sub-wavelength switching 

granularity with optimal combination of electronics and optics. By aggregating similar 

packets into a burst that is kept in the optical domain, OBS is more practical than packet 

switching scheme and has less processing requirements and is also more scalable. Unlike 

packet switching that is more relied on buffering and O/E/O conversion at the 

intermediate nodes, OBS reduces the requirements of switching and management and 

only needs O/E/O conversion for the control header. Therefore, OBS provisions finer 

Figure 7 OTN Payload structure. 
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granularity with more bandwidth flexibility compared to circuit switching that is limited 

to rigid wavelength based manipulation. Routing, switching, traffic scheduling and 

bandwidth allocation are performed at the sub-wavelength or the burst level. The tradeoff 

is that OBS is more dependent on high-speed switching and control techniques. With all 

these transparency features and scalable and dynamic advantages, OBS has received 

more and more considerations as one of the promising solutions of the end-to-end all 

optical communications. 

2.5.1 OBS Network Architecture 

Typically, the unique feature that OBS has developed is the separation between the 

control header and the data burst. A control header is transmitted in the optical domain 

while being processed in the electrical domain at each core node. The data burst is 

transmitted transparently utilizing the wavelength channel reserved by its corresponding 

control header in advance. This separation denotes the optimally combination of optical 

transmission and electrical process and control.  

Figure 8  Optical Burst Switching network architecture. 
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As shown in Figure 8, OBS networks are formed by a set of edge routers and core 

routers, which are interconnected by DWDW links. The data traffic from the end users is 

aggregated at the ingress edge router based on the destination and Quality-of-Service 

(QoS) to form bursts, which pass through the core network as optical entities. Basically, a 

burst is a set of packets with the same destination and the same QoS class, and burst can 

be variable in length. The burst is assembled based on the time or size threshold 

according to different burst assembly schemes. Since the burst can only be assembled and 

dissembled at the edge and transmitted transparently in the core network, most QoS 

provisioning schemes are focused on the burst assembly on the edge side [28]. As soon as 

the burst is formed, a control packet containing traffic and timing information of the 

corresponding burst is generated and sent through the control channel in advance of the 

data burst. In the core network, only the control packet is processed in the electronic 

domain to set up the lightpath before the arrival of the burst, which is sent after certain 

offset delay. When the burst arrives, it simply passes optically through the reserved data 

channel to the destination. Besides, the reservation only lasts for the duration of the burst. 

When the burst departs, the channel will be released to accept new reservation requests. 

By allowing sharing and multiplexing among multiple bursts, OBS is able to attain more 

dynamical and effective bandwidth utilization compared to the standard wavelength 

switched networks.   

OBS provides a switching scheme at the sub-wavelength level to achieve better 

granularity compared to OCS and transmits data bursts in the optical domain to avoid 

expensive O/E/O conversion, which is the limitation of electronic packet switching. 

However, due to its one-way resource reservation scheme, bursts may be discarded due to 
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the conflict of outgoing wavelengths. QoS provisioning in OBS network is essential for 

IP over DWDM applications. Wavelength conversion capacity is another limitation in 

core network to solve the contention issue in the wavelength domain. Furthermore, due to 

the dynamical feature and flexibility in wavelength reservation, switching needs to be 

performed at very high speed and more sophisticated control schemes are necessary for 

synchronization and traffic scheduling.  

Typically, research in the OBS paradigm mainly focuses on burst assembly, 

signaling, scheduling and routing. More elaborations will be presented in the following 

sections with the state-of-the-art developments and research directions.  

2.5.2 Burst Assembly 

Burst assembly is an important aspect in the OBS networks. This unique feature of 

aggregating traffic into a burst reduces control and processing complexity and provides 

bandwidth efficiency and all-optical transmission for data payload. Burst assembly is 

performed at the edge router as, where multiple queues collect data packets from the 

clients and the upper layer to form a burst based on their destinations and QoS classes. As 

shown in Figure 9, the burst is assembled according to the burst assembly algorithm [29] 

that decides where to stop data aggregation and how to attach the packet to form a burst. 

Basically, there are two burst assembly schemes: timer based and threshold based. For the 

time-based approach [30], a timer is equipped to ensure a periodic burst creation and 

transmission to the core network. The assembler will not stop assembling incoming 

packets into a burst until there is a time out signal. Hence, the timer-based approach [31] 

generates variable length bursts. The second approach sets a threshold for the maximum 
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size that can be contained within each burst. Bursts will be generated at a non-periodic 

time interval with fixed burst lengths. Sometimes these two approaches are related to 

each other. For example, for a given arrival traffic rate, the threshold burst length can be 

mapped into the timeout value which will generate similar burst length in each case. The 

most popular burst assembly schemes take a hybrid approach to consider both a time-out 

value and a maximum burst length.  

 In designing the burst assembly schemes, one of the most significant 

considerations is to decide the length and the length distribution of the burst for specific 

network parameters to achieve a better loss and latency performance. Intuitively, longer 

burst will lead to fewer burst injection to the core network to reduce the traffic loss. 

However, dropping longer burst means more loss of traffic and in addition, longer bursts 

tend to have higher probability to cause contention because the requirement for longer 

channel reservation. On the other hand, smaller bursts will increase the number of bursts 

in the core network, which will lead to a greater number of contentions in the network. 

The tradeoff between the probability of burst contention and the packet loss in one burst 

Figure 9 Burst assembly based on different QoS classes at the edge.  



 32

contention can lead to an optimal burst length to achieve the best traffic loss performance.  

The burst assembly algorithm has been an attractive research area. Most assembly 

algorithms [32][33] are based on a preset threshold to control the minimum and 

maximum size of the burst. There are two kinds of thresholds: the time threshold and the 

length threshold. The length of the burst is controlled by the assembly algorithms and the 

distribution of the burst lengths is one key parameter to affect the network traffic.  

After the assembly of the burst, in most cases, the routing, scheduling and 

switching is burst based which means the individual control of the packets is lost. In 

order to provide packet level traffic management, a Packetized OBS is proposed in 

Chapter 4.  

2.5.3 OBS Signaling  

OBS utilizes electronic processing of control packet ahead of the data burst, which 

is switched optically. One-way reservation signaling is used by most OBS architectures. 

The control packet is transmitted in advance of the data burst to reserve the channel for 

the burst. The burst is transmitted after an offset time. The advantage of this one-way 

reservation scheme is that it can avoid the round trip delay for the control signal to 

communicate among all the intermediate nodes. However, the disadvantage is that the 

burst is sent out without a guarantee for transmission, and collision may happen at the 

core node due to the failure of reserving a channel. Deciding how much offset is needed 

between a burst and its control header is the critical as not enough delay will lead to an 

insufficient processing time for the control header while too much offset will increase the 

delay of data unnecessarily.  
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A simple solution is to setup the wavelength immediately after receiving the setup 

request and wait for the burst, which will arrive shortly. This scheme is usually referred to 

as Just-In-Time (JIT) [34]. JIT is proposed to provide instant reservation that means the 

core router reserves the wavelength as soon as the setup message is received. When the 

actual data burst comes, it is just transmitted on the reserved data path. JIT is easy to 

implement due to the instant reservation scheme without taking into account the burst 

arrival and finish times. The wavelength is reserved before the arrival of burst and 

therefore will degrade the performance in terms of bandwidth utilization.  

On the other hand, a fixed offsets can be added to the control packet to indicate the 

future arrival of the burst as shown in Figure 10. Such an approach leads to a protocol 

called Just Enough Time (JET) [35]. JET signaling is originally proposed to provide a 

delayed reservation for the data burst. The offset time is set to be equal to the sum of the 

processing time plus the configuration time in the intermediate nodes. The principle of 

the JET protocol is to reserve the wavelength only for the duration of the burst by 

utilizing the control information contained in the control header to calculate the future 

 

Figure 10 Out of band signaling protocol shows the relationship between burst and control header.  
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burst arrival and finish times. Unlike the JIT protocol which reserves the channel to wait 

for the burst, delayed reservation signaling can avoid a vacant reserved wavelength 

channel while waiting for the future arrival of the burst. The ideal case is to reserve the 

wavelength for the duration of the data burst to achieve higher channel utilization. The 

tradeoff is that JET has more implementation complexity than JIT. 

2.5.4 OBS Scheduling 

In general, an OBS network consists of a set of edge routers, and core routers. The 

edge routers transfer data from the end users, and contain an OBS interface. The main job 

of the edge router is to collect data from upper layers and assemble them into burst. There 

should be an offset time between the control packet and the transmission of the burst. 

Various offset techniques can be used, such as fixed offset, statistical offset, and WR-

Figure 11 Horizon burst scheduling. 
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OBS offset [36][37]. It is based on the assumption that the control packet is sent after the 

entire burst is assembled. The fixed offset scheme has the least complexity, as it is equal 

to the sum of the processing time plus the configuration time in the intermediate nodes.  

Within the OBS network, there are four types of schemes to perform scheduling of 

resources: explicit setup/explicit release, explicit setup/estimated release, estimated 

setup/explicit release and estimated setup/estimated release. When utilizing the explicit 

release, the control packet is sent before the burst is entirely assembled, which is quite 

different from the offset assumption. In addition, another scheme called horizon 

scheduling [26] is also very effective. As shown in Figure 12, horizon scheduling can 

assign new incoming burst to the open channel that starts from the occupied horizon. 

After assignment of the new burst, the horizon point will be updated to the time occupied 

by the latest burst. This scheme can be seen as one of the explicit setup/estimated release 

Figure 12 LAUC-VF burst scheduling. 



 36

method. Since each control packet contains the offset time and the burst length, when it 

arrives at the core node, the resource can be reserved by using the timing information in 

the control packet to set up the wavelength. However, the new burst can only be 

scheduled after the latest horizon point, which means a later scheduled burst cannot be 

assigned into an early open slot. Of course, this is less efficient in channel utilization. As 

an extension to this approach, latest available unused channel with void filling (LAUC-

VF) [38] is a more accurate but more complicated scheme. LAUC-VF is able to utilize 

the open slot either before or after an assigned burst. An optical burst scheduling scheme 

has been developed to utilize the horizon scheduler and a resequencing buffer. 

2.5.5 OBS Routing  

Routing is a process to select the appropriate path for the incoming traffic to enter 

the network and to be transmitted. In OBS, the routing process is to decide a lightpath for 

the burst to be transmitted. A tradition way of routing is on a hop-by-hop basis, as in the 

IP network. Another way is to use generalized multiprotocol label switching (GMPLS) 

[20], and a third approach is the explicit pre-calculating routing. For the first approach, 

like in the traditional IP network, a fast look-up table can be implemented for the routing 

decision making for the next hop. The second approach is based on the GMPLS protocol 

to perform the explicit routing as described in [34]. The last approach is based on explicit 

pre-planned connections with proper traffic engineering [41]. One of the advantages of 

the explicit routing is to provide traffic route in a constraint based OBS to meet some 

QoS metrics, such as delay, hop count and bit error rate. The wavelength conversion is 

not only important but also necessary in the OBS, as it can enhance the efficiency.  
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2.6 Reconfigurable Multimode Switching Network 

In this section, the architecture and operation of a DWDM reconfigurable 

multimode switching router [42] is described. The multimode switching router shown in 

Figure 13 can switch in EPS, OCS and OBS modes on the same platform. In addition, 

wavelengths within each fiber link can be dynamically reconfigured to operate in any of 

the three switching modes or in the control mode. Wavelengths in the control mode 

generally carry control packets such as OBS burst header packets used to establish or 

remove lightpaths, or to reconfigure a wavelength in a different switching mode. At least 

one wavelength is configured in the control mode for each DWDM link.  

2.6.1 Reconfigurable Multimode Core Router Platform  

Figure 14 shows of the architecture of the multimode switching router. The core 

router consists of optical switching fabric with DWDM links equipped on both sides, 

electronic switching fabric equipped with a shared O/E/O converters pool and a control 

unit. The optical demultiplexer (DEMUX) at the each input optical port separates the 

wavelengths so they can be individually switched. After the DEMUXs, separated 

Figure 13  Multimode switching network. 
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wavelengths arrive at the optical switching fabric (OSF). Cross-connections are made 

according to specific configured switching modes. It should also be noted that the OSF 

connects not only to the wavelengths from/to the input/output DWDM links, but also to a 

pool of the O/E and E/O converters. The electronic switching fabric is designed to 

perform electronic packet switching as well as tune the incoming wavelength to an 

alternative wavelength.   

Those input wavelengths operated in the control mode and the EPS mode will be 

automatically switched to the available O/E converters through the OSF, so that the 

control packets and EPS packets can be electronically processed at input port processors 

(not shown in the figure) for proper router configuration and switching. EPS routing 

information is contained in the packet itself and could differ packet by packet. The EPS 

packets are directly switched by the electronic switching fabric (ESF) to the 

corresponding electronic output ports, and are converted to optical signals using E/O 

 
 

Figure 14 Reconfigurable Multimode Switching Router. 
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converters. The wavelength coming out of the E/O converter is directed to the outgoing 

DWDM link through the pre-established cross-connections in the OSF.  

The control packets are routed to the reconfigurable router control (RRC) unit to set 

up or tear down lightpaths for the OCS and OBS modes, and to reconfigure wavelengths 

for the EPS mode. The RRC unit processes incoming control packets, configures the 

optical switching fabric accordingly and forwards the control packets to the output ports. 

For EPS or OCS modes, an EPS or OCS control packet sets up an optical connection in 

the OSF for an extended time, and for the OBS mode, the burst header packet reserves a 

short duration of a cross-connection to an outgoing port for the arriving burst. The EPS 

and control packets are converted back to the optical domain on particular wavelengths, 

so that they can be routed thought the OSF to the destined outgoing fiber. 

2.6.2 EPS Mode Operation 

Electronic Packet Switching (EPS) can be performed at the core router via the 

 
 

Figure 15 Multimode switching router in EPS mode.  
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configured wavelength with packets switched electronically. As shown in Figure 15, a 

lightpath is pre-established in the optical switching fabric to route all the packets to the 

O/E converters. After conversion, the packets are processed electronically and switched 

at the electronic switching fabric. At the output of the ESF, packets are converted to the 

output wavelength via E/O converters. The output wavelength is then routed to the 

destination ports through the optical switching fabric with a pre-established lightpath.  

2.6.3 OCS Mode Operation 

Optical circuit switching is supported in the multimode core router by configuring 

the wavelengths in the OCS mode. In Figure 16, a circuit request comes in for 

wavelength . If the same wavelength in the destined output port is available, the 

incoming wavelength  is routed to the desired output port. Existing OCS setup or 

routing protocol such as GMPLS is supported in the multimode router to establish the 

 
 

Figure 16 Multimode switching router in OCS mode without wavelength conversion. 
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lightpath for the incoming circuit.  

In the previous case, incoming wavelength  is routed directly to the destination 

assuming no wavelength contention at the output. When there is a contention at the 

outgoing wavelength, the incoming wavelength  can be converted to a different 

wavelength, or the circuit request will be dropped. In fact, the overall performance can be 

greatly improved by providing wavelength conversion mechanisms to shift the incoming 

wavelength onto an alternative wavelength whenever there is a contention. However, due 

to the high cost and the difficulty in processing optical signals, all-optical wavelength 

conversion is not feasible right now and may not be in the foreseeable future. Currently, 

the most practical solution with cost efficiency is to convert the optical payload to the 

electrical domain, and inject them onto a different wavelength using tunable lasers or 

other methods [42]. As shown in Figure 17, wavelength conversion is supported in the 

multimode router by utilizing the shared O/E/O converters pool. A coming wavelength 

 
 

Figure 17 Multimode switching router in OCS mode with wavelength conversion. 
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 is first routed to the O/E converter through the optical switching fabric. And then the 

electronic switching fabric switched the data to its output port to retransmit the data on a 

different wavelength . Finally, wavelength  is routed to the destined outgoing 

DWDM links.   

2.6.4 OBS Mode Operation 

As mentioned before, OBS separate the control and data into the electrical domain 

and the optical domain, respectively. OBS can be supported in the multimode core router 

by processing the control header electronically while switching the data burst 

transparently. For the OBS mode, the control channel that transmits the control headers is 

routed to the O/E converter through the optical switching fabric. Control headers are 

switched to the reconfigurable router control unit electrically through the electronic 

switching fabric and are processed electronically to extract the control information of the 

 
 

Figure 18 Multimode switching router in OBS mode with wavelength conversion. 
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associated data burst to configure the optical switching fabric. Traditional burst 

scheduling can be applied in the multimode core router architecture. Data burst can 

remain in the optical domain and can be transmitted transparently through the configured 

lightpath. Figure 19 shows the configuration in OBS mode without wavelength 

conversion.  

Due to the one-way reservation scheme in OBS, burst can be dropped in the 

intermediate routers because of contention. Wavelength conversion is desirable to reduce 

the loss probability by using a different wavelength when the destined wavelength is 

occupied. The reconfigurable multimode router can support wavelength conversion in 

OBS mode using the shared O/E/O converters pool. As shown in Figure 18, the burst 

scheduler first attempts to reserve the same wavelength  as the incoming wavelength in 

the output link. If the output wavelength is busy, the burst is directed to the O/E/O 

converter and retransmitted on an alternative wavelength . Wavelength  is then 

routed to the destined DWDM link thought the optical switching fabric. 

 
Figure 19 Multimode switching router in OBS mode without wavelength conversion. 
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2.6.5 Concurrent Switching Configuration 

The key novelty of the multimode switching router is that it can concurrently 

switch all three switching modes, and any wavelengths can be dynamically reconfigured 

for a different switching mode. Figure 20 illustrates a scenario with the coexistence of 

EPS, OCS and OBS modes. For incoming Port 1, assuming , , , and 	are pre-

configured to be in the control, OBS, EPS and OCS modes, respectively. The burst 

header packets carried in 	is switched to an O/E converter through a pre-configured 

lightpath in the OSF, and is directed to the RRC unit for burst scheduling. When the 

corresponding burst arrives on , it is switched on the fly to outgoing Port 2. The OCS 

traffic in  is directed to outgoing Port 0 through a pre-established lightpath to  of 

Port 0. EPS packets on , on the other hand, are switched to one of the O/E converters 

and processed electronically. The EPS packets are then directed to one of the E/O 

converters before being switched to output Port 0 via the OSF. As shown in Figure 20, the 

 
 

Figure 20 Multimode switching router in concurrent mode. 
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multimode switching router accommodates different switching modes on the same 

platform.  
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Chapter 3 Blocking Probability Analysis in Multimode 

Switching Router 

3.1 Performance Considerations of Multimode Switching Router 

Contemporary routers can only support electronic switching or optical switching at 

one time. EPS can provide packet level switching, which brings the finest granularity. But 

the expensive O/E/O conversion prevents it from scaling with DWDM channels cost 

effectively. Besides, today’s Internet traffic is largely heterogeneous with a variety of 

applications, thus different applications or even different kinds of messages within the 

same application may have different latency and bandwidth requirement. OCS is practical 

for applications requiring sustained high bandwidth, such as military and scientific 

applications. In these scenarios, a dedicated connection with extremely high throughput is 

needed. For example, for high energy physics, the expected rate of data output from 

CERN when the detector is running at a full trigger rate is around 7 Gbps shared among 

10 external Tier-1 sites, and the detector should be kept running for years with sustained 

data throughputs. OCS is suitable to handle this amount of traffic with very long duration. 

On the other hand, OBS is more suitable for bursty traffic. Although, optical switching 

such as OCS and OBS are able to be implemented in the DWDM network with scalability, 

the granularity is not as good as packet level switching. In fact, there is no single 

switching technique that can meet all the demands cost effectively.  

In order to bring the benefits of different switching technologies together, the 

reconfigurable multimode switching router described in Chapter 2 is a promising solution. 

As mentioned earlier, the multimode switching router can support three different 
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switching modes, OBS, OCS, and EPS, on the same platform. Furthermore, the major 

advantage of the multimode router is that it can solve the DWDM scaling problem by 

configuring the wavelength dynamically and flexibly. In the multimode router, each 

wavelength can be reconfigured in any of the three switching modes based on traffic 

conditions. The other difference between this multimode switching router and other kinds 

of hybrid solutions is that the multimode architecture keeps a shared O/E and E/O 

converters pool for supporting not only the EPS mode but also any wavelength 

conversion requested from the OCS and OBS modes.  

Because of the contention of wavelength in the core node, packets or bursts 

dropping may occur at the core nodes. OCS practically does not have to dump traffic 

when there is a wavelength contention but to buffer the traffic request at the edge until 

the requested channel is available. However, if the traffic is buffed for a certain time but 

still cannot be transmitted, the circuit request will be denied and the traffic will be 

dumped. Traffic blocking is one of the major performance metrics not only in OBS or 

OCS, but also in all network and telecommunication systems since the dropping 

probability is closely related to QoS support and retransmission mechanisms.  

The critical role played by the blocking probability makes it an attractive research 

topic to derive appropriate mathematical models to analysis and evaluate the performance 

of the network communication system. Many mathematical models [44] have been 

proposed along the evolution of the communication systems. One of the famous blocking 

models for telephone networks with pure queueing is Erlang formula [45], which is 

developed for telephone circuit request or telephone switching equipment and can be 

extended to be applied to many advanced communication systems. Erlang formula has 
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been used extensively in Ethernet and traditional electrical switching networks. OBS is a 

relatively new network paradigm and very few blocking analysis models have taken into 

account the unique burst reservation and scheduling features [36][37]. In addition, some 

approaches have been provided to support hybrid architecture that employs more than 

one switching type [46]. Most of the blocking traffic models are based on Markov 

process to simulate input/output status of the queueing system and lead to a stationary 

distribution under certain traffic intensity. More specifically, limited wavelength 

conversion is also considered in the blocking model since pure queueing without 

differentiation among all output wavelengths is not practical in the current optical 

network implementation.  

Different blocking model approaches [47][48][49] have been proposed to provide 

blocking analysis to various network architectures with different switching modes. 

However, the reconfigurable multimode switching router is a novel architecture that can 

accommodate three switching modes at the same time, allowing each channel to be 

dynamically reconfigured in any of the three switching modes. No existing traffic model 

and blocking probability model can be applied to support this multimode feature. Since 

the router architecture is new, a mathematical model that can provide a more efficient 

way of computing dropping probabilities is desirable. Furthermore, an analytical model 

for the dropping probability can help better understand the principles of the multimode 

architecture as well as sharing of resources among different switching modes, which is 

the key novelty of the architecture. Simulation evaluation may have limitations on 

extremely low load scenarios, in which case it might take an extremely long time for the 

dropping probability to converge as the less the traffic the less the loss. In comparison, 
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analytical evaluation has the same computation complexity regardless of the load.   

In this chapter, the performance of the DWDM multimode switching router is 

analyzed by evaluating the static blocking probability. More specifically, a mathematical 

model using 4-dimension Markov process is proposed to provide an analytical method to 

evaluate the performance. In addition, the model is approximated and reduced to the 

complexity of two dimensions to provide a computation efficient analytical method to 

evaluate the system performance with satisfactory accuracy. Secondly, the partial 

wavelength conversion scenarios are taken into account with a model dealing with 

limited wavelength converters. Finally, ns-2 network simulation is used to verify the 

numerical results obtained from the derived models.   

3.2 Mathematical Model for Full Wavelength Conversion 

First, start with a general case by assuming full wavelength conversion is equipped, 

which means that there are enough wavelength converters so that each wavelength can be 

converted to any of the possible wavelengths in case of contention. In this section, a 

mathematical model for a single switch node with the multimode architecture is 

developed to analyze the blocking probability.  

3.2.1 Traffic and Node Model 

One node traffic model is considered with traffic loss due to wavelength reservation 

and allocation only. Assume that the electric switching fabric is nonblocking, which 

means each incoming link can always be routed to an available outgoing electric port 

successfully to carry the traffic.  

Consider a core node where all traffic flows come from  incoming wavelengths 
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and there are  wavelengths in the outgoing links. Therefore, only the case where loss 

can occur (0	 	 	 	 ) is of interests. 

The transmission of burst requires reservation of wavelength in advance while on 

the other hand, the OCS and EPS mode needs to establish the lightpath, which is 

dedicated to this mode of traffic only. All the requests for OBS, OCS or EPS transmission 

arrives randomly on one of the incoming wavelengths. 

In each channel, the time period during which it is occupied by OBS, OCS or EPS 

is called an ON period. And the continuous time slots in between all these ON periods are 

called OFF period. For OBS, by using JIT scheduling, the ON period time is associated 

with the entire burst transmission time and the offset time between the control header and 

data burst. For OCS, the ON period time is associated with the circuit allocation, during 

which the lightpath is dedicated to it. However, the EPS mode is more complicated, since 

the incoming wavelength needs to be converted to the electric domain no matter if 

Figure 21 Multimode switching node model with full wavelength conversion. 
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wavelength conversion is required or not. Basically, the EPS can be treated almost the 

same as OCS in this mathematical model and they both considered to be a super burst but 

with longer length. Assume the ON/OFF periods are exponentially distributed.  

Each incoming wavelength can be used by OBS for a period of time and by OCS or 

EPS in other times. Assume that a burst is transmitted on a wavelength for an 

exponentially distributed period of time with mean time 1/ , while a circuit is allocated 

for an exponentially distributed period of time with mean 1/  . And also consider the 

EPS to be allocating as a “super burst,” which also has an exponentially distributed 

period of time with mean 1/ . 

Consider the weighted average of all the traffic length to be the whole ON time 

period by ignoring all the reservation time, signaling and offset time. The OFF period is 

assumed to be exponentially distributed with mean time 1/	 . Upon termination of an 

OFF period, an ON period associated with a circuit allocation will commence with 

probability  , and a burst transmission will commence with probability p , and the EPS 

mode will commence with the probability 1 . Based on this definition, the 

weighted average traffic is 

 
(1) 

Define , 	 , . Then, . And the weighted 

average traffic will be 

 
(2) 

In practice, during the period of time that a burst is being dumped, that wavelength 
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will still remain active before end of the dumped burst arrive at the router, which means 

the router can only accept new arrivals after the burst has been blocked. On the other 

hand, when a circuit request or an EPS allocation request is blocked, the input 

wavelength will became inactive immediately. This difference can be addressed by 

investigating the resource reservation scheme in each switching mode. In OBS, the burst 

does not require an end-to end reservation to start transmission, while for OCS and EPS, 

if no end-to-end connection can be set up before the transmission, the edge router will not 

start the transmission.  In this way, each input wavelength can be in three states, active, 

inactive or blocked. Only when the wavelength is in inactive state, the wavelength is 

available to the new incoming request. Note that, retry scenarios are not considered. 

The Markov process is used to simulate the node model, which can be in various 

states and change randomly in discrete steps.  In order to model three switching modes, a 

four-dimension Markov model is needed, one for each of the three modes and one for the 

wavelength in the blocked state. Since the system changes randomly as the incoming 

traffic and the status of each wavelength is random, it is generally impossible to predict 

the next state. However, the statistical properties can be used to compute the probability 

that the system is in each state after many steps when the system is in a stationary 

distribution. Here, the incoming traffic and the load has been carried is known in each 

state, and the solution for this distribution with the total load offered and the total load 

carried can be computed. 

3.2.2 4-D Exact Model 

Let the set { , , , :	 , , 	 	0, . . . , ; 	 	 	0, . . . , 	 	 ; 	 	 	 } 
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denote the states of the underlying Markov process, where  is the number of 

wavelengths occupied by bursts,  is the number of wavelengths occupied by circuits,  

is the number of wavelengths being used by EPS, and  is the number of blocked input 

wavelengths on which bursts are being dumped. With this set of variables, a 4-dimension 

space is built to describe all the states and transactions in the Markov process as shown in 

Figure 22.  Each bubble denotes one state in the 4-D Markov space and each pair of 

arrow line denotes a two-way transaction between two adjacent states. As shown in 

Figure 22, one state has 4 degrees of freedom to make a transaction. The change of each 

variable denotes the change of occupation of the system. For example, the transaction 

from state , , ,  to 1, , , 	denotes that there is one more incoming burst 

request which can be carried by one input wavelength. Meanwhile, the transaction from 

state 1, , ,  to , , ,  denotes that there is one burst finishes its transmission 

and the associated wavelength has been released. Assume the same for variables  and . 

 

Figure 22  4-D Markov space with (x, y, z, b). 
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However, the transaction from state , , ,  to , , , 1  denotes that there is one 

more incoming burst which is denied by the switch and its associated wavelength has 

been blocked. The transaction from state , , , 1  to , , ,  denotes that the 

end of the dumped burst has arrived the switch and its corresponding blocked wavelength 

is released and ready for new requests. In the 4-D Markov space, for the boundary state, 

there will not be four degrees of freedom to make transactions. For the boundary state 

which has , it can only make transactions to the 1, or 1, or 1 

state, because all the variables cannot be any larger. It is the same for the state 

0, where it can only make transactions to the 1, or 1, or 1 state.  

 	 , , ,  donates the stationary distribution of the underlying Markov process. So 

their weighted average should denote the stationary traffic load of the system.  

Figure 22 shows the state diagram for the four-dimensional Markov process for 

	 	 	 	 	 	  with all the incoming and outgoing transactions.  

Equations for 	 	 	 	 	 	  are 

, , , 	   

, , , 1    

	 , , , 1    

	 , , , 1    

	 , , , 1    

	 , , , 1    
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	 , , , 1    

, , , 1  . (3)

Equations for 	 	 	 	 	 	  are 

, , ,    

, , , 	 	1    

	 , , , 1    

	 , , , 1    

	 , , , 1    

	 , , , 1  . (4) 

The normalization equation is 

, , ,
, , ,

1. 
(5) 

which gives rise to a linearly independent system of equations.  

After solving all the equations, and obtaining all the values of , , , , the exact 

blocking probability can be computed. 

The total load offered is given by: 

∑ , , ,, , , .  

(6) 
The total load carried is given by: 
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∑ , , ,, , , . (7) 
 

The exact blocking probability is 	 / . 

3.2.3 3-D Approximation Model 

The 4-D accurate model is reduced to a 3-D model by assuming that there is no 

distinction between a wavelength used by OCS and EPS. The Markov process can be 

reduced to three dimensions. In this way, define: 

,  (8) 

1
. 

(9) 

Normalization equation ∑ , ,, , 1 gives rise to a linearly independent system 

of equations. 

The total load offered with first approximation is given by: 

, ,

, ,

. 
 

(10) 

The total load carried with first approximation is given by: 

, ,

, ,

. 
  (11) 

So the first approximated blocking probability is  / . 

3.2.4 2-D Approximation Model 

To further reduce the computational complexity, assume that there is no distinction 
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between all incoming traffic types. So the dimension of this Markov process can be 

reduced to a two-dimensional model. In this way, define:   

, (12) 

1
, 

 
(13) 

with the normalization equation  ∑ ,, 1. 

Solve all these equations, each stationary distribution ,  is obtained. 

The total load offered with the second approximation is given by: 

,
,

. 
 

(14) 

The total load carried with the second approximation is given by: 

,
,

. 
 

(15) 

So the second approximated blocking probability is:	 / . 

3.3 Mathematical Model for Limited Wavelength Conversion 

Practically, it is very expensive to provide no full wavelength conversion solution 

for the DWDM network, especially when the number of channels is large. In this section, 

a mathematical model for systems with limited wavelength conversion is derived.  

3.3.1 Node Model 

In the multimode switching router, the EPS mode always requires a dedicated 

O/E/O converter pair for each incoming wavelengths, the OBS mode also requires O/E/O 
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conversion for its control packets. Furthermore, if there is a confliction due to the 

wavelength of the incoming traffic is currently occupied in the output links, a wavelength 

converter is also needed to convert the congested traffic to another wavelength. The 

major advantage of the new multimode switching router is it allows the three different 

switching modes to share the same O/E/O converter pool.      

In the multimode router architecture described above, the electronic ports, each of 

which has an O/E/O converter pair is allowed to be shared by the other switching modes. 

In this way, the router performs a share per node (SPN) fashion of wavelength conversion. 

Assume that the multimode router provides variable-input-variable-output wavelength 

converters (WCs), which mean any incoming wavelength, can be converted to any 

outgoing wavelength.  

As shown in Figure 23, the O/E/O converter pool with a total of C wavelength 

converters can be shared among W wavelengths. For the EPS mode, in order to perform 

the switching in the electrical domain, any incoming traffic requires a WC even if the 

same incoming wavelength in the outgoing link is available. Meanwhile, an EPS 

Figure 23 -Multimode switching node model with partial wavelength conversion. 
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connection cannot be set up if there are no more WCs to perform the O/E/O conversion 

or if there are more WCs but no more available output wavelengths. For the OBS mode, 

the burst will be lost under two conditions: the incoming wavelength in the output link is 

being used or reserved and it cannot find a WC to convert to another wavelength, or there 

is no wavelength available at all in the output links. The OCS mode scheduling is similar. 

First, the circuit scheduler ties to find the same wavelength in the output link. If the 

scheduling fails, the scheduler tries to obtain a WC in the shared WC pool. Only when 

there is at least one more WC available and one more output wavelength available, the 

circuit connection can be set up. Otherwise, the circuit connection is blocked.  

The traffic model is the same as described in Section 3.2.1. Assume load balance in 

the multimode router, which means the arriving traffic will request any output 

wavelength with equal chance.  

Consider a single node model with  wavelengths and  shareable WCs in an 

O/E/O converter pool. Let a continuous Markov process , , where 

 is the occupied wavelengths in the output links at time  and  is the number of 

occupied WCs at time , denote the multimode router system. One constraint to this 

Markov process is that at any given time , the number of busy wavelengths is larger than 

or equal to the busy WCs. Thus, in the multimode model, define: 

	 	 , 0, 1, … , is the number of wavelengths occupied by OBS at time . 

	 	 , 0, 1, … , is the number of wavelengths occupied by OCS at time . 

	 	 , 0, 1, … , is the number of wavelengths occupied by EPS at time . 

	 	 , 0, 1, … , is the number of busy wavelength converters at time . 
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Obviously, it is constrained that 	 , and . Based on 

these definition, define a vector , 	 , 	 , 	  to depict the transition state at time 

, where 0 	 	 	 , 0 	 	 	 , 0 	 	 	 , 0 	 	 	 .  

In this way, each transition between the states can be illustrated as follows: 

→ ∆ . (16) 
 

3.3.2 Approximation  

The same operation can be carried on as previous model to reduce the dimension of 

the Markov process. Assume that there is no distinction between all the three modes 

when scheduling a wavelength to them. This is corresponding to the traffic model that 

OCS and EPS connection are longer burst. First, the definition of traffic is the same, and 

the total input traffic is Poisson distributed with average rate , while the total service 

rate of the router is Poisson distributed with average service rate . Assume the traffic 

load is balanced.  

With this assumption, the Markov process is reduced to two dimensions. Let a 

continuous Markov process , , where the  is the occupied 

wavelengths in the output links at time t and  is the number of occupied WCs at time 

t, denote the multimode router system. And define: 

	 	 , 0, 1, … , is the number of wavelengths occupied by EPS at time . 

	 	 , 0, 1, … , is the number of busy wavelength converters at time . 

Apparently, the constraint is that 	 , and 	 . Based on 



 61

these definition, define a vector ,  to depict the transition state at time , 

where 0 	 	 	 , 0 	 	 .  

In this way, each transition between the states can be illustrated as follows: 

→ ∆ . (17) 
 

At traffic arrival:  

i) The outgoing wavelength is available: 

∆ , 1 , (18) 
 

With rate	 . 

ii) The outgoing wavelength is not available: 

If the wavelength converter is available: 

∆ 1, 1 , (19) 
 

with rate	 . 

If there are no more wavelengths or WC available:  

∆ , , (20) 
 

in which case traffic will be lost. 

At traffic departure: 

i) Traffic without wavelength conversion: 
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∆ , 1 , (21) 
 

with rate	 . 

ii) Traffic with wavelength conversion: 

∆ 1. 1 , (22) 
 

with rate	 . 

Let ,  be the equilibrium probability of state , , the equilibrium equations 

describing the entire Markov process can be obtained from the conditions above. 

, , 1 , 1

, 1 , 1 . 

 
(23) 

This system of linear homogeneous equations can be solved under the normalized 

constraint, 

, 1. 

(24) 
 

The total blocking can be computed as: 

, , . 
 

(25) 

The first term is the blocking probability due to lack of output wavelengths, and the 

second term is the blocking probability due to insufficient WC.  
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3.4 Numerical Results 

3.4.1 Mathematical Model with Full Wavelength Conversion 

In order to examine the results from the mathematical model and the accuracy of 

the approximations, simulations are carried out and Engset formula is used to compute 

the blocking probability theoretically. 

For the mathematical model, let ⁄ , ⁄  and ⁄  be the burst, circuit and 

packet traffic intensity per wavelength channel. Define the normalized traffic intensity as 

/ ⁄ ⁄ ⁄  to be the horizontal axis. Let	 : : 1000: 10: 1, 

which means the length of EPS connection is 10 times longer than the circuit while 1000 

times longer than the burst. In this way, with the even traffic assumption, which gives the 

three mode equal weights, : : 1000: 10: 1. 

The Engset is often used to calculate the blocking probability occurring in a circuit 

group. Unlike Erlang B formula, which is the standard formula to compute blocking 

probability, it assumes a finite population of S sources. In practice, like Erlang equations, 

Engset's formula also requires recursion to solve for the blocking probability. Although 

there are several ways to do the recursions, one approach is to first determine an initial 

estimate, then the initial estimate is substituted into the equation and the equation then is 

solved. The answer from the initial calculation is then substituted back into the Engset 

equation, resulting in a new answer that is again substituted. This iterative process 

continues until the equation converges to a stable result with a pre-determine error. The 

Engset formula is as follows: 
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1 !
! ∙ 1 ! ∙

∑ 1 !
! ∙ 1 ! ∙

, 

 
(26) 

and
∙ 1

, 
(27) 

 

where  is the offered traffic intensity in Erlangs;  is the number of traffic sources;  is 

the number of circuits in the group, and  is the blocking probability.  

The ns-2 network simulator is used to perform the node simulation with 12 input 

 

Figure 24  Blocking probability with 12 incoming and 8 outgoing. 
channels 

 

 

Figure 25  Blocking probability with 5 incoming and 3 outgoing channels. 
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wavelengths and 8 output wavelengths.  

As shown in Figure 24, the results from the mathematical model match the results 

from the Engset formula and the result from ns-2 simulation quite well. The figure also 

demonstrates that the theoretical result give the upper bound of the blocking probability 

of the router. The Erlang formula as well as the Engset formula only considers the traffic 

loss due to the connection failure, however in reality, the wavelength with dumped burst 

is not released as soon as possible, which will increase the total blocking probability.  

The accuracy of the approximation can be demonstrated in Figure 25. The results 

from 2-D model match almost exactly with the results from the 3-D and 4-D models, 

which show that the approximation provides very good accuracy. The 2-D model is 

suitable for computing blocking probability for large scale systems.  

The analytical results from the mathematical model based on Markov process show 

the agreement with the ns-2 simulation and therefore, the approximation can provide 

more efficient evaluations of blocking probability with desirable accuracy.  

Table 2  Partial Wavelength Conversion. 

32 Wavelengths  64 Wavelengths 

5% WCs 5% WCs 

10% WCs 10% WCs 

20% WCs 20% WCs 

40% WCs 40% WCs 
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3.4.2 Mathematical Model with Limited Wavelength Conversion 

Both simulation and analytical calculation are carried out in the following scenarios 

as shown in table 2. The traffic configuration is the same as in previous experiments, with 

normalized traffic intensity from 0 to 1. The results from simulation and the analytical 

model are compared in Figure 28. The results show close match between the analytical 

results and the simulation results. The analytical results provide the upper bound for the 

blocking probability of the multimode router. It is because in the mathematical model, 

only the traffic loss due to connection failure is considered, and all the other issues such 

as singling, burst head loss, setup time offset time are ignored.   

The figures below show the analytical results from both 32 wavelengths and 64 

wavelengths with the input traffic 0.25 (light), 0.5 (moderate) and 0.75 (heavy). As 

shown in both figures, the blocking probability drops with more wavelength converters, 

especially when the traffic load is relatively light. It demonstrates that more WCs can 

help improve the traffic loss performance. On the other hand, after the WCs goes beyond 

 

Figure 26  Blocking probability in 32 Wavelengths with limited WCs. 
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a certain threshold, the blocking probability converge to almost a constant, which means 

that all the input traffic is able to find a WC if needed, so the performance will not get 

any better with even more WCs.  

3.5 Summary 

The multimode switching router can offer three switching modes at the same 

platform while allowing sharing of the expensive O/E/O converters pool. Dynamic 

recongfiguration among different switching modes deliver more flexibility to the traffic 

and bring in benefits of all three modes to provide better QoS provisioning to serve 

 

Figure 27  Blocking probability in 64 Wavelengths with limited WCs. 
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Figure 28  Blocking probability with 32 channels 4 WCs. 
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today’s heterogenous traffic. Loss probability is an important benchmark in terms of QoS 

provisioning. The multimode swithicng router is a novel architecture that no existing 

work can be used to evaluate the blocking probability. An analytical modeling is able to 

lead to a better understanding to the principles of the traffic sharing as well as the 

multimode switching operation.  

In this chpater, an 4-D Markov chain based mathematical model is proposed to 

model the queueing in the multimode switching router regarding the occupancy of each 

channel and traffic in each of the three modes. The unified solution to this Markov 

process can provide a blokcing probability solution with various traffic load. In addition, 

the 4-D model is approximated to a 3-D model and 2-D model with good accuracy. 

Furthermore, the partial wavelength converison scheme which is more realistic is 

considered. The results from simulaitons show the accuracy of the proposed 

mathematical model.  
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Chapter 4 Packetized DWDM Networks 

Among all switching modes, packet switching can provide the finest switching 

granularity. But due to the expensive O/E/O conversion for each DWDM channel, packet 

switching is not scalable to be implemented in the DWDM network. OBS provides the 

advantages of both packet switching and circuit switching, and is considered as a 

promising solution to build the next generation DWDM networks. However, although 

OBS is switched at the sub-wavelength level, it still lacks packet level traffic 

management capabilities. In OBS, traffic is first assembled into bursts at the edge and 

then transmitted to the core network as optical bursts. After the packets are assembled 

into the burst based on their destination and QoS information, there is no control over 

individual packets. A packet-based network feature is desirable to the service provider to 

deliver better QoS provisioning [50] as well as fair queueing.  

The end-to-end delay is a significant performance measure in the end-to-end QoS 

provisioning in the service delivery system. In this chapter, a novel end-to-end QoS 

provisioning guaranteed scheduling algorithm is proposed for DWDM networks. This 

algorithm is based on the Network Calculus theory [53] to provide an end-to-end delay 

guarantee. The end-to-end delay performance of the service delivery system is analyzed 

by modeling the service provisioning system into a service function while modeling the 

load traffic with a load curve function. 

The rest of this chapter is structured as follows. In Section 4.1, the proposed 

packetized DWDM network is presented and the packetized virtual burst assembly 

scheduler is introduced. In Section 4.2, an end-to-end QoS provisioning guarantee model 
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with bandwidth assignment method is proposed to provide worst-case delay guarantee. In 

Section 4.3, analytical evaluation and software simulation are performed to demonstrate 

the properties of the proposed scheme. In Section 4.4, the background is presented, 

followed b a summary in Section 4.5. 

4.1 Proposed Packetized DWDM Network 

To support the OBS mode in the multimode network, traffic is assembled in the 

edge router before being injected into the core network. The assembly schemes have been 

extensively studied [31-34]. In [54], the author proposed a novel virtual burst assembly 

scheme which allows the packets to be transmitted without being physically attached to a 

burst until the transmission time. Thus, the traffic flows can be served by the scheduler 

who provides bandwidth to them. In order to serve the incoming traffic flows with some 

required service guarantees, the amount of resources that assigned to this flow needs to 

be predetermined. In a Stratified Round Robin (SRR) scheduler, the bandwidth allocation 

is based on the weight of the traffic flow [51]. However, the pre-determined weight does 

not provide any service guarantee.  

Figure 29 Packetized Optical Burst Switching network architecture. 
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To solve this issue, an end-to-end QoS guarantee model is proposed in this section 

to allow the packetized burst scheduler to provide QoS guarantees to per flow queues. As 

shown in Figure 30, the packetized burst assembler enables the scheduling and 

transmission of flows individually. All incoming packets are first classified based on the 

destination and QoS information and then the packets are virtually assembled into a burst, 

which is connected to the scheduler where the traffic is shaped based on different 

scheduling algorithms. In packetized optical burst switching, packets are not physically 

attached to the burst, but being transmitted individually. The burst transmission scheduler 

assigns the network resources to serve the incoming flows based on the proposed delay 

guarantee provisioning scheme. The scheduler operates the bandwidth allocation scheme 

to compute the assigned bandwidth from the delay requirements and the traffic characters 

of the incoming flows with computing complexity O(N). The transmission scheduler then 

provides the bandwidth to the incoming flows using the SRR scheduler based on the 

computed resource allocation. In this way, each incoming flow is served with delay 

 
 

Figure 30  Per flow queueing scheduler based on packetized burst assembly in OBS network. 
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guarantee based on their delay sensitivity and QoS requirements. The delay guarantee 

model as well as the analysis of the resource allocation [55][56] are presented in the next 

section. 

4.2 Proposed End-to-End QoS Guarantee Model 

In OBS, the data traffics from the end users is first assembled into bursts at the 

ingress edge router, and the formed bursts then traverse a series of core routers in 

sequence to the egress edge router. In a traditional OBS network, the ingress edge router 

assembles packets into bursts, and dispatches bursts onto outgoing DWDM links. In this 

section, a novel end-to-end QoS guarantee approach in OBS networks is presented. It is 

also applicable to the OBS mode enabled multimode switching networks. In the proposed 

method, a novel embedded scheduler is deployed at the ingress edge router to perform 

resource allocation for traffic flows in the network. The embedded scheduler makes a 

choice on the packets to be transmitted to the shared outgoing DWDM channels. This 

algorithm is based on the Network Calculus theory to provide an end-to-end delay 

guarantee. 

First, the network is modeled as an end-to-end service delivery system. This 

 
Figure 31  Packetized OBS network with QoS delivery. 
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procedure is also called network virtualization, as it decouples the service provisioning 

and the underlying infrastructure. Each infrastructure can be modeled as a service system 

( ) with its own input and output. It is clear that the output of one service system is the 

input of the next service system. This set of service components is assembled to form an 

end-to-end network service that meets the application requirements. Therefore, an end-to-

end service delivery system [57] in the network consists of a set of service components in 

series, and each component is an abstraction of the infrastructure service. Figure 32 

shows the virtualization of the OBS network. The infrastructure service provided by the 

-th network node to end-to-end delivery system is virtualized as the service component 

.  

The proposed method is explained as follows. The service components model 

requires a general modeling and analysis method to be agnostic to the underlying network 

infrastructure. The first step is to model each service system individually to develop a 

service function, and then aggregate the service functions of all individual service 

systems into one general service function, which depicts the end-to-end QoS provisioning 

capacity.  

 
 

Figure 32  OBS network with abstraction of service components to perform an end-to-end QoS 
provisioning 
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Define a cumulative function  to be the number of bits seen on the flow in time 

interval 0, 	 . By convention, assume 0 	= 0, and  is always wide-sense increasing. 

This is not only by the definition of the cumulative function, but also the reality of the 

service delivery system. Also assume that  has a derivative  , such that 

, and r is called the rate function.  

Consider a system  as a blackbox, which receives input data, described by the 

cumulative function , and the delivers the data after a variable delay. The output 

function ∗  represents the output of the system .  

For a system S and a flow through S with input and output function  and ∗, the 

service component offers the flow a service curve  if ∗ ⊗ . The 

definition means that  is a wide sense increasing function, with 0 0, and for 

any 0, 

∗ inf . (28) 

If    is continuous, the use of the infimum can be avoided. Therefore, 

∗ . (29) 
 

The service curve function gives the amount of network service provided by the 

service component as an abstraction of the infrastructure service. This service curve 

function describes a relationship between the arrival and departure traffic at the system , 

which is considered to be independent of network architecture and implementation details. 

This generality of the service curve function makes it applicable to various network 

scenarios.   
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With the definition of the service curve, the rate-latency service curve function can 

be modeled. Consider an input flow , with output ∗, which is served by a node with 

service rate .  

∗ . (30) 
 

Thus  

∗ ∗ , (31) 

where  is the maximum size of a packet. Assume at time s there is no backlog for the 

flow, which can be expressed by ∗ 0. Combined with the equation above,  

∗ . (32) 
 

In the equation,  is called the latency-rate (LR) function which is 

denoted as , , with the rate  and latency / . For each service system, this 

function can also be treated as the service function. The LR function provides the 

capability model for network infrastructure with the minimum bandwidth requirement 

and the latency parameter. In the OBS network, the data transmission is limited by 

latency introduced by factors such as transmission delay, routing and switching 

processing delay, and propagation delay. The latency parameter is to characterize the 

service capability aspect of the service delivery system. The rate limitation comes from 

the bandwidth each flow receives as a result of burst scheduling.  

In order to allow for end-to-end QoS provisioning, the service functions of all the 

service components in the service delivery system need to be combined into a single 

function. Based on the network calculus theory, the service curve of a service delivery 
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system, which consists of a series of service components, can be obtained from the 

convolution of the service curves of these service components.  

Assume the end-to-end service delivery system is formed by the service 

components  , … . And the service curve of the service component  is . Then 

the end-to-end service curve for the entire service delivery system is  

⊗ ⊗⋅⋅⋅ . (33) 
 

Each service component has an LR function that is , . Then the LR function 

for the end-to-end service delivery system is  

, , ⊗⋅⋅⋅ , ⋅⋅⋅⊗ , , (34) 
 

where 	 , ⋅⋅⋅, , ∑ . 

To provide guarantees to traffic flows, some assumptions on the traffic sent by the 

source are made by using the concept of the arrival curve, defined in the same way as the 

service curve. Given a wide-sense increasing function , for any 0, the input flow 

 is constrained by  if for any : 

. (35) 
 

 has  as an arrival curve; alternatively,  is called -smooth. The arrival curve 

gives the service delivery system an upper bound for the amount of traffic that can be 

loaded to the system for any given period. In most QoS guarantee networks, a traffic 

controller served as a shaper is implemented to regulate the arrival traffic from the end 

user. Leaky bucket controller is the most commonly used one with the rate r and the 
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bucket tolerance b. A network service component regulated by a leaky bucket controller 

has the traffic load function  

min , , (36) 
 

where  is the maximum packet size,  is the peak rate,  is the burst tolerance, and  is 

the sustained rate. 

4.2.1 Delay Guarantee for a Work Conserving Scheduler 

The virtual delay in a work-conserving fashion scheduler such as Generalized 

Processer Sharing (GPS) [60], SRR, FIFO schedulers is defined as the time needed to 

handle the backlog traffic in the scheduler, or in another word, the busy time of the 

scheduler during which the backlog is nonnegative. The backlog at time  is defined as 

∗ , thus, the delay is: , 0, and ∗ 0. 

The delay guaranteed by the service components is associated with the service 

provided by the delivery system, which is modeled by a service curve function, and the 

load curve of the input traffic of the service system. Under a network calculus framework, 

the virtual delay at time  is 

inf ∗ . (37) 

Figure 33 shows the physical meaning of backlog and delay. The vertical deviation 

between the arrival and departure process is the backlog and the horizontal deviation is 

the delay. 
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Theoretically, the virtual delay at time t is the delay that is be experienced by a 

packet bit arriving at t if all bits that are received before it are served before it. If the input 

and output functions are both continuous, it is clearly that ∗ , where 

 is the smallest value that satisfies this equation. Based on this definition, the 

maximum delay guarantee can be derived as, 

∗ inf , (38) 
 

∗ sup , (39) 
 

∗ sup . (40) 
 

The guaranteed delay performance can be presented as 

inf 0: . (41) 

The following is based on the service system with a leaky bucket shaped load curve 

and an LR function service curve. Assume the service delivery system has a traffic load 

which is described by the load curve 	 , 	 , and is served by an LR 

 
Figure 33  Backlog and delay defined by the cumulative traffic curve. 
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service curve . For any packet bit arriving at time t that experience a 

delay D,  

. (42) 
 

Consider only the variable rate case, which means that the peak rate is greater than 

the sustained rate, that is, . For , . Therefore,  

, , (43) 
 

. (44) 
 

Since , the delay performance is guaranteed by 

1 1 . 
(45) 

 

For , ,  

, , (46) 
 

which gives 

, (47) 
 

 

. 
(48) 
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Here, if , which means that the offered bandwidth is less than the sustained 

rate, there is no delay guarantee for the service delivery system. The insufficient of 

service rate will generate increasing backlogged traffic, which will result in increasing 

delays as t advances.  If , because, , the delay performance can be 

guaranteed by 

 

						  

1 . 
(49) 

The maximum delay guaranteed by the service delivery system is  

1 , 
(50) 

 for    and . 

Extending to the end-to-end QoS provisioning system, the load curve remains the 

same, and the service curve  is replaced by the end-to-end service curve , 

which equals to , . Thus, the end-to-end delay can be guaranteed by  

1 . 
(51) 

4.2.2 Resource Allocation for End-to-End QoS Provisioning 

The end-to-end QoS can be guaranteed by the service delivery system if it can 
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obtain required bandwidth from the scheduler. In the proposed method, per-flow end-to-

end QoS guarantees is provided to OBS networks based on the above results. In particular, 

a method is proposed to allocate bandwidth for the delay performance guarantee based on 

previous results. 

Obtain the bandwidth allocation function  as a function of end-to-end delay 

requirement, .  

. 
(52) 

The latency parameter is determined by the property of the infrastructure and the 

implementation of the service components, which can be considered as fixed. For 

modeling purposes, the traffic rate parameters are assumed to be constant. With these 

assumptions, the bandwidth allocation function is a decreasing function of delay 

requirement . Intuitively, this means that if more bandwidth is assigned to a flow, it 

can achieve better end-to-end delay. Similarly, if less delay can be tolerated, more 

bandwidth is necessary to be assigned. The delay tolerance [58] would determine the 

bandwidth assignment in the proposed scheduling algorithm.  

The boundary conditions of the delay-bandwidth relationship need to be discussed 

next. In the variable rate scenario, the bandwidth assigned to a flow cannot be less than 

the sustained rate in the network to provide any kind of delay guarantee. In another word, 

the minimum bandwidth requirement would be the sustained rate, that is, . From 

the equation, the end-to-end delay will reach its maximum possible value when  is 

equal to its minimum, 
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. 
(53) 

This means that for any required end-to-end delay equal to or larger than , the 

assigned bandwidth needs to meet the sustained rate, 

      for        . 

It is the same when the assigned bandwidth goes to infinity where the end-to-end 

delay performance achieves its minimum possible value, 

. 
(54) 

Therefore, when the end-to-end delay requirement is between the maximum and the 

minimum, the bandwidth allocation can be obtained by 

. 
(55) 

To summarize, the minimum amount of bandwidth that must be assigned to a flow 

to meet the end-to-end delay requirement is 

,

, 																																		
. 

 
 

(56) 

In optical burst switching networks, flows going to the same destination egress 

edge node are assembled into the same burst at the ingress edge router, where different 

service components are implemented. Basically, the outgoing wavelengths can be treated 

as infrastructure providers by offering the network resource to the service components. In 

the virtual burst assembly, per-flow queueing is supported by giving each flow a different 
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weight or credit dynamically. Based on the end-to-end delay requirement of each flow, 

the weight or credit assigned can be computed using this mathematical model. With this 

proposed optimization, resource allocation can be dynamically achieved. For OBS core 

routers, the traffic just passes through transparently. Therefore, the latency is fixed. 

4.3 Analytical and Simulation Results 

In this section, the proposed packetized QoS provisioning scheme is evaluated with 

analytical and simulation results. Suppose a network constructs an end-to-end service 

delivery system  by assembling resources from three network infrastructures, which 

consists of , , and . And two applications from user1 and user2 are being delivered 

by the end-to-end service provisioning components. Application from User 1 is called U1, 

which uses a network session  to transmit, while application from User 2 is called U2, 

which uses a flow . The parameters for  and  are listed in the Table 1. The analytical 

results shown in Figure 35 indicate that if less delay can be tolerated, more bandwidth is 

needed. This means the more resource the service system can acquire from the underlying 

infrastructures, the better delay performance can be guaranteed.  

The per-flow queueing schemes is evaluated on a 14-node, 21-link NSFNET 

topology modeled by the OBS-ns simulator. In the network, each core link carries 16 

DWDM channels in each direction while each edge link consists of four DWDM 

 

Table 3  Experimental Parameters. 
    
p Peak rate 1.5Gbps 1Gbps 

q Mean rate 500Mbps 250Mbps 

b Burst tolerance 100Kbits 300Kbits 

 



 84

channels in each direction with each channel operating at 1.0Gbps. Fourteen flows are 

generated from one edge node and are destined for another edge node multiple hops away. 

Each flow is injected with an input rate and for Stratified Round Robin (SRR) scheme, 

each flow is also assigned a bandwidth offered by scheduler. The packet arrival is a 

Poisson process with packet sizes exponentially distributed, with a mean packet size of 

1000 Bytes. For the burst assembly process, both a maximum burst size threshold 

(100,000 Bytes) and a maximum time threshold (5ms) are employed.  

One of the flows is with an average rate of 250Mbps, and the peak rate is assumed 

as twice that of the mean value. For the dynamic analysis, a bandwidth determined by the 

 
Figure 34  Bandwidth allocation computed by delay requirement. 

 

 
Figure 35  Delay obtained from simulation with different bandwidth allocation. 
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delay requirement is assigned to the flow, and the end-to-end delay is recorded for each 

packet. The results in Figure 36 show that the delay requirement is the upper bound for 

the delay of each packet. The means that the proposed method can provide an end-to-end 

delay guarantee. Using the proposed approach, the bandwidth allocation can be 

determined using the derived mathematical model to achieve a guaranteed delay 

performance, which is bounded by the required delay. For the static analysis, the average 

end-to-end delay of all the packets is calculated for different bandwidth allocation. The 

offered bandwidth to this flow starts from 250Mbps, which is the sustained rate. As 

shown in Figure 36, the end-to-end delay drops as more bandwidth is allocated to the 

flow. As expected, the delay converges when the assigned bandwidth goes beyond the 

peak rate.  

4.4 Per-Flow Queueing Scheduler Background 

QoS provisioning is one of the major focuses in the OBS network [44][50]. The 

scheduler at the ingress edge router is used to assign bandwidth to the coming traffic flow 

by allowing data flows to use the shared output links based on their priority and delay 

requirement. Today’s Internet traffic is largely heterogeneous with variety of applications, 

thus different applications or even different kinds of messages within the same 

 
Figure 36  Delay obtained from simulation compare to the delay requirement. 
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application may have different latency and bandwidth requirement. These QoS 

requirements need to be taken into account when performing traffic scheduling. 

Unfortunately, packet-level traffic management, which is typical in an electronic 

switching network, is totally lacking in OBS networks due to the relatively coarse burst 

level granularity. 

In electronic switching networks, a significant amount of prior research efforts have 

been focused on developing scheduling disciplines to provide delay and fairness 

guarantees. Among all the scheduling schemes, Generalized Processer Sharing (GPS) [60] 

is considered to be the ideal scheduling scheme with perfect fairness guarantee and 

isolation among the competing traffic flows. However, GPS schedulers are not practical 

to implement due to the fluid traffic assumption, because in the reality, communication is 

still packet based which must be transmitted atomically. Nevertheless, GPS is quite useful 

as an ideal model and benchmark to measure other scheduling disciplines. First In First 

Out (FIFO) scheduling is a widely used scheduler with simple implementation 

complexity and little control mechanism. As shown in Figure 38, in FIFO scheduling, all 

packets are transmitted in the same sequence as they entered in the buffer. Another widely 

used scheduler is called Earliest Deadline First (EDF) [64] scheduler in which the input 

packets with the earliest deadline is served first. Although both FIFO and EDF have 

limitations on delay guarantee and fairness queueing, the simplicity makes these two 

approaches suitable especially for hardware implementation. Practical scheduling 

algorithms that provide fairness and delay guarantees can be divided into two main 

categories: timestamp-based schedulers and round-robin schedulers [65][66].  

The timestamp-based schedulers compute a timestamp for every single packet and 
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then packets are forwarded based on the ascending order of their timestamps. These 

schedulers can perform fairness queueing with good delay bounds. However, sorting 

packets in ascending order of their timestamps is very time consuming. The drawback of 

this scheme is that the time complexity for each packet is O(logN).  

The other class of schedulers is the round-robin schedulers, which assign time slots 

to each flow instead of sorting each packet. By solving the bottleneck of sorting 

timestamps in the timestamp schedulers, the round-robin schedulers can improve the 

processing speed to achieve an O(1) time complexity per packet. Clearly, the tradeoff can 

be the delay bounds, which cannot be as good as that of the timestamp-based schedulers.  

Among the round-robin schedulers, Deficit Round Robin (DRR) [65] is a fair 

queueing technique to provide fair queueing to share network resources. As shown in 

figure 38, it is based on round robin scheduling and the scheme distributes the same 

Figure 37 FIFO and EDF scheduler.  
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amount of quantum to all managed flow queues at each round. A quantum is given as the 

allowed bandwidth for a flow. When each flow is visited by the scheduler, it tries to 

spend its accumulated deficit (in fact, credits), plus the newly assigned quantum until the 

leftover is not enough for anther packet. The remaining deficit which would be carried 

over to the next round, is the amount subtracted from the total credits by the sizes being 

served. For a flow in a given round, it is possible that no packet, a single packet or 

multiple packets are served. DRR scheme provides fairness among all participating flows 

in terms of throughput and works with variable size packets. Most importantly, this 

scheme achieves O(1) processing time, making it simple to implement in hardware. 

Despite the benefits brought by DRR scheme, the drawback is that the delay of a packet 

is subject to the number of flows.  

Another fair queueing round robin scheduler is known as Stratified Round Robin 

(SRR) [66] as shown in figure 39. In addition to fairness, this scheme also guarantees 

bounded services. In SRR, flows are first weighted based on the output bandwidth 

 
Figure 38 Deficit Round Robin (DRR) scheduler.  
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reserved, which is independent from the input load. Flows are then “stratified” according 

to the weights assigned. This classification is based on  :	 , where 

 is the weight. 

The basic resources in SRR are time slots. In SRR, each flow receives time slots in 

proportion to its weight being assigned. The actual scheduling can be viewed as a two-

step process: in-class scheduling and intra-class scheduling. In the first step, an in-class 

scheduler would select a class with the earliest deadline. This is a less complex job since 

the number of classes is much less than the number of flows. For class , the scheduling 

interval is 2  slots. So, the deadline for this class is 2  from the last service time. If all 

flows are serviced in its current scheduling interval, the deadline is updated. Intra-class 

scheduling is similar to DRR scheduling, which visits the flows in a round robin fashion. 

The difference lies in the quantum  assigned to flows within a class, which is calculated 

from the class number , weight  and the maximum packet size  as in 2 . 

This kind of assignment ensures proper allocation of the bandwidth. 

Figure 39 Stratified Round Robin (SRR) scheduler.  
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  The major advantage of the SRR scheme is the bounded delay guarantee. It has 

been proven that the maximum delay ∆  experienced by a packet at the head of flow  is 

∆ , where  is the reserved bandwidth for the flow i, which is independent of the 

number of flows in the queueing system. However, the limitation of the SRR algorithm is 

that it does not provide end-to-end QoS guarantee. The delay is bounded by the weight of 

the flow, and the weight of each flow is determined by the bandwidth it requires, 

∑
. 

(57) 
 

4.5 Summary 

Circuit switching is switched at the wavelength level, which is coarse in granularity 

compared to burst switching that is at sub-wavelength level. Packet switching can 

provide the finest switching granularity at the packet level, which is very desirable. 

However, packet switching is not scalable in DWDM networks for massive deployment 

due to O/E/O conversion at every router node. To provide packetized feature to the 

DWDM network, Packetized OBS network is proposed in this chapter to provision better 

QoS. A bandwidth allocation scheme is proposed to the network to deliver end-to-end 

QoS guarantee. The scheme is under the network calculus framework by taking into 

account queueing and traffic multiplexing to address the worst-case performance 

guarantee. In addition to the deterministic bound which leads to the worst-case delay 

guarantee, a probabilistic delay bound which can achieve more resource saving by 

tolerating a little uncertainty of the delay bound is also presented. Finally, both analytical 

and simulation results show the efficiency of the proposed methods.  
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Chapter 5 Design and Modeling of Open Channel Multimode 

Switching Network   

Optical Burst Switching brings advantages of Optical Circuit Switching and 

Optical Packet Switching and has attracted considerable interests. Conventional OBS can 

perform switching at the sub-wavelength level with channel sharing and multiplexing. 

Packets are first assembled into burst based on their destination and QoS information, and 

a control packet is sent ahead of the data burst to reserve the channel for the incoming 

burst. Hence, scheduling and switching are operated at the burst level, which is better 

than the OCS that switches at the wavelength level. However, lack of packet level traffic 

management capability is one of the drawbacks of the OBS paradigm. To solve the 

problem, in Chapter 4, a Packetized DWDM network was proposed to gain control over 

individual packets in DWDM networks. The burst transmission scheduler assigns the 

network resource to serve the incoming flow based on the proposed delay guarantee 

provisioning scheme. The proposed packetized DWDM network can bring packet level 

traffic control into the DWDM network.  

Packetized DWDM network can provide end-to-end QoS provisioning with the 

proposed dynamical resource allocation scheme. In another word, it is more focused on 

the optimal bandwidth assignment to serve the critical applications and traffic flows with 

more bandwidth provisioning. Besides this optimal resource allocation vision, which 

mainly deals with managing the resource to serve different traffic flows, network 

mechanisms are further optimized in this chapter to deliver better QoS performance with 

the same resource allocation in a more efficient way.  
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Typically, traffic dropping occurs at the intermediate nodes as there is no traffic 

dropping during the transmission. QoS provisioning can be greatly improved via reducing 

the number of hops in which the traffic needs to be processed.  

5.1 QoS Support in DWDM Networks 

Different applications have different QoS requirements, such as delay, jitter and 

loss probabilities. Applications such as VoIP and Video on Demand (VoD) services have 

less delay tolerance than email services, and may require higher priority in transmission. 

QoS provisioning for those real-time applications is a significant issue in any network 

transportation system. It is desirable for the OBS architecture to provide QoS guarantee 

to different classes of traffic users.  

From the network architecture point of view, all traffic shaping and buffering take 

place at the edge in the electrical domain, since there is no practical optical buffer and 

optical random access memory in the core nodes. For OBS, all the bursts are sent after a 

pre-defined delay of its associated control header which reserves the resources at the core 

nodes for the incoming burst. Meanwhile, the burst is sent without an acknowledgement 

(ACK) signal from the downstream node to notify a success reservation. Due to the one-

way signaling protocol, burst may be dropped at the core nodes if there is a failure in 

reservation. On the other hand, electronic processing of the control headers as well as 

setting up switching fabric is performed at each core switching node in which will 

introduce extra delay into burst transmission. Generally speaking, more hops lead to more 

dropping and longer end-to-end delays.  

 Unlike OCS and other wavelength routed networks, QoS provisioning in the OBS 

network is very complicated [50]. In OCS, the lightpath between the source and 
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destination pairs are treated as virtual links in order to apply the QoS mechanisms 

developed for IP network directly. Wavelengths in OBS are configured statistically and 

shared among multiple connections between the nodes. On the other hand, the QoS 

supporting in IP network is greatly relied on a lot of buffering and electronic processing 

which is not feasible in OBS due to the lack of optical buffering and optical processing.  

From the virtualization point of view [56], the scheduler obtains the network 

resource allocation from the infrastructure to serve the incoming flows belonging to 

assembled burst. Queueing delay can be bounded using network calculus theory as 

mentioned in the previous chapter. Meanwhile, for a given routing path, the delay can be 

guaranteed by using the bandwidth allocation scheme. However, the QoS performance is 

greatly dependent on the routing design which determines the number of hops to be 

traversed and the link availability. 

5.1.1 End-to-End Delay in DWDM Networks 

Delay is one of the most important issues in the QoS provisioning as some 

applications such as video chatting, online gaming and other real-time services can be 

very delay sensitive. In DWDM networks, different applications and services prefer 

different switching modes, e.g., real-time applications with constant bandwidth streams 

but with less burstness prefer circuit switching in which a dedicated lightpath is 

established. More bursty applications may require burst or packet switching to handle the 

bursty traffic more dynamically. Different switching paradigms have different aspects of 

end-to-end delay.  

For OBS, the end-to-end delay of a transmitting burst is mainly contributed by the 
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offset time [34][35] between the control packet and the data burst and the burst assembly 

time. The control packet is sent to reserve the channel for the corresponding data burst 

which will then pass the lightpath transparently. But the control packet can only be 

processed in the electrical domain at each node to obtain the burst information. Therefore, 

an offset time is needed between the control packet and the data burst to compensate for 

this process time and O/E/O conversion time. In this way, the offset delay for a burst is 

defined by taking into account of all the processing time and optical switching fabric 

setup time at each node. The end-to-end delay of a burst greatly depended on the 

diameter of the network or in another word the number of nodes it passed through, 

, 
(58) 

 

where  is the processing time needed to extract the information about data payload and 

process the information.  is the switching setup time for the core node to configure the 

switching fabric. And  is total number of hops passed through by the burst. Typically, 

the processing time and switching time per node are fixed with the optical technology 

deployments while the number of hops is the crucial factor which contributes the end-to-

end delay.  

For the circuit switching and those wavelength switched networks, the scenario is 

different as a dedicated lightpath is established to serve all the traffic from this request 

exclusively. Theoretically, there is no additional delay during the transmission of the 

traffic flow, as it will just direct all the way to the destination via the pre-configured 

lightpath transparently without O/E/O conversion and processing at the core nodes. 

However, the creation of the circuit itself needs time. When there is a circuit request, 
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edge node will send a message to reserve the end-to-end lightpath. Since the circuit is 

established end to end, any failure of reservation at the any core node will result a failure 

in the lightpath establishment. The circuit traffic is not sent to the core network until an 

acknowledgement (ACK) signal is received, notifying the successful reservation of entire 

lightpath. Meanwhile circuit traffic is buffered at the edge. Obviously, the two-way 

signaling will introduce a round trip delay of the control message to any of the circuit 

traffic. 

5.1.2 End-to-End Blocking Probability in DWDM Network 

Another major concern is the traffic loss which is not only critical in OBS but also 

in all networks. In OBS, the one-way reservation scheme [36] is performed to reserve 

wavelength for the data burst hop by hop. Unlike wavelength level switching which 

reserves the entire end-to-end optical path before the data transmission, in OBS, there is 

no ACK signal of the control packet and the data burst will be sent after a pre-determined 

offset delay regardless of the status of the reservation. Although the one-way reservation 

scheme is efficient and flexible, it complicates the wavelength contention issue. For a 

two-way scheme, the incoming traffic can be routed to an alternative path to reduce the 

blocking probability. However, in OBS, since there is no practical optical buffer in the 

intermediate node, whenever there is a wavelength contention the burst is simply dropped. 

In another word, the burst loss can potentially happen at each core node due to the 

contention. The end-to-end loss probability is also dependent on the number of 

intermediate nodes, as more nodes traversed lead to a higher dropping probability, 
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1 1 , 
(59) 

 

where  is the blocking probability at core node  and  is the total number hops. 

Assuming no buffering and recovering mechanisms at the intermediate nodes, any burst 

dropping at any core node leads to an end-to-end burst loss. As shown Equation 58, end-

to-end burst loss probability is dependent on the number of hops, which is the diameter of 

the network.  When a burst traverses more hops, it encounters higher loss probability as it 

may be dropped at any core node.  

In circuit switching, since a dedicated lightpath is established for the circuit traffic 

before its departure, ideally, there is no traffic loss in the dedicated lightpath exclusively 

reserved for the circuit traffic. However, as mentioned before, traffic is first buffered at 

the edge waiting for the ACK signal. If the reservation fails, the circuit request is denied 

and the incoming traffic will be dropped. In this sense, the traffic loss for a circuit 

switching is closely related to the probability of failed reservation which is also 

determined by the number of hops. The lack of flexible and dynamic bandwidth 

reservation and traffic management in the rigid end-to-end wavelength switching 

motivates the design of new network reservation mechanisms.  

5.2 Existing Solutions to Improve QoS Provisioning 

As the delay and loss probability are the most the important metrics in all networks, 

extensive efforts have been put in related research to improve the delay performance and 

to mitigate the loss probability. Recent research mostly focuses on three approaches as 

described below. Intuitively, since the delay and loss probability are closely related to the 

diameter of the network, reducing the number of intermediate hops is helpful to reduce 
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delay and loss. The number of nodes is determined by the physical topology of the 

network. Virtual topology design has been proposed to virtualize the network 

infrastructure to reduce the hops and to allow the burst to be transmitted in a longer 

distance transparently. Usually a hybrid switching is deployed. The second approach is 

mainly focused on the edge side of the network. Because burst cannot be buffered in the 

core network, limited dynamic rescheduling schemes can be performed to avoid collision. 

As a result, efforts are put on the edge of the network, such as load balancing and novel 

burst assembly algorithms, which are considered to be traffic engineering methods. The 

third approach is deflection routing, which can route the data burst more efficiently with 

better loss and delay performance.  

5.2.1 Traffic Engineering (TE) Approach 

Traffic engineering (TE) [67] is one of the most important mechanisms to support 

OBS to improve the overall performance. Instead of routing traffic flows to follow the 

fixed shortest paths, TE can achieve better results in balancing the load. The advantage of 

the shortest path routing is that it is simple to implement. However, its drawback is quite 

obviously as the fixed shortest path may suffer an overloaded traffic while an alternative 

path has little traffic. This will degrade the performance of the network and cause 

difficulties in guaranteeing QoS, such as delay, jitter and loss probability. TE is an 

effective method to alleviate this unbalanced loading problem to provide QoS guarantee. 

Load balancing and off-line routing are the two mostly used forms of TE to balance the 

link utilization and improve the QoS provisioning.  

Due to the limitation of efficient optical buffers, load balancing is a critical 
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technique to reduce link congestion. Usually, load balancing is accomplished by directing 

traffic flows from the congested area to the path with light load to avoid possible 

collision and to reduce the delay. For OBS, a lot of work has been done related to load 

balancing. Authors in [53] apply an off-line approach that is mainly focused on the 

optimization problem solved by integer linear programming (ILP). Some papers [54][55] 

consider dynamic approaches for the best effort traffic and also take into account limited 

wavelength conversion [56][57] and streamline effect [58]. 

5.2.2 Deflection Routing Approach 

The edge node based routing scheme called the source-based routing is considered. 

In the ingress node, a route path is selected from N pre-calculated paths for the incoming 

burst to enter the network. More clearly, the calculation of all the possible paths is 

performed before the routing, and then by performing the routing scheme [68][69], one 

path is selected from all eligible paths to minimize the global delay and contention.  

The pre-calculation of all possible paths is important in the network routing, since 

routing decisions are made based on information from this calculation. Practically, there 

are two variables for one path, the distance to the destination and the cost. Most routing 

decisions use one or both values. Distance to the destination is straightforward and it is 

usually defined by the topology of the network. The cost of the path may have many 

different meanings, such as loss probability, delay, and traffic load of the path.  

Routing decision is usually made to identify either the shortest path, or the least 

cost path, or the combination of both. Intuitively, the shortest path is simple with 

optimization to minimize the number of hops to traverse to the destination. Unfortunately, 
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the shortest path routing is only dependent on the network topology without considering 

the traffic information and congestion information of the intermediate nodes. The least 

cost routing is to find the path to minimize the cost and provide QoS support to the end 

users. The problem is that without centralized control, there may be just local 

optimization which means the overall performance is limited due to the large number of 

hops. A combined solution which takes into account of both may be the winner. 

5.2.3 Hybrid Switching Approach 

In order to reduce the number of intermediate nodes, some virtual topology 

approaches have been proposed to allow the burst to be transmitted through a virtual link 

traversing multiple nodes without electronically processing the control header. Research 

efforts have been put into extending OBS switching from a node-to-node reservation 

scheme to a multiple-hop reservation which can be referred to as a hybrid switching 

approach [69]. A typical hybrid switching example is described as follows. In the 

traditional OBS architecture, each control header needs electronic processing at two 

nodes while for a hybrid switching scheme all bursts only experience one unit electronic 

processing time. Since wavelength  interconnects node 1 with node 2 and node 2 with 

node 3, a lightpath using  can be reestablished directly from node 1 to node 3 if  is 

available on both sides.  

More specifically, the hybrid switching operation includes two steps: the first step 

is to create the virtual topology to bypass some intermediate nodes to provide multi-hop 

connections; the second step is to extend the burst switching from physical DWDM links 

to virtual links via utilizing the wavelength lightpath and optical switching fabrics. A 
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commonly applied virtual topology creation approach is the graphic-based method in 

which the network is modeled as a graph consisting of nodes and interconnected links. 

An optimization process is performed under the constraints of the connected graphs and 

availability of the connected wavelengths to obtain a largest connected node set as a 

virtual topology. Bandwidth assignment is performed to extend the virtual links to the 

physical wavelength connections based on the wavelength availability.   

A graph-based modeling and virtual topology creation scheme usually relies on 

central control which requires all the network information such as the blocking 

probability of each node and the occupancy of all the interconnected WDM links to be 

known. An optimal virtual path is established to provide multi-hop lightpath switching 

with minimization of the dropping and delay to achieve the best performance. The 

limitation of this approach is the need for the entire network information to optimize the 

virtual link creation. Since the broadcast of the network state information is relatively 

periodic so that the establishment of virtual links cannot be frequently changed. 

Applications with bursty traffic characteristic requires more dynamic and fast switching, 

and are not supported efficiently in the virtual topology approach.   

In this section, an efficient routing approach is presented to provide both delay and 

burst loss probability control to the DWDM networks. Routing with end-to-end QoS 

provisioning is a relatively new concept in OBS networks. Some common solutions are 

based on finding the shortest end-to-end path. The proposed scheme is to perform 

network routing using the computed virtual delay information of each node to make a 

route decision to obtain network-wide QoS provisioning. 
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5.3 Design of Open Channel DWDM Network 

To address the QoS provisioning issue while utilizing the advanced optical 

components and technologies, the Open Channel DWDM network paradigm is proposed 

in this section to  create open lightpaths in the core network to carry traffic with fewer 

hops which requires less processing and are less prone to loss. Open channel network can 

perform end-to-end data transmission more efficiently with better control.  

5.3.1 Concept  

The principle motivation of the Open Channel DWDM network is to utilize the 

most advanced MEMS fast switches to route the incoming traffic to a multi-hop lightpath. 

The basic concept is to minimize the number of intermediate nodes by establishing an 

“open channel” in the core network while still being switched at sub-wavelength between 

the edges. For any incoming traffic, no matter where they enter the network, it is first 

switched to the nearest pre-established open channel via the fast MEMS optical switches 

and then transmitted through the open channel as far as possible, finally they are routed to 

the destination. The open channel is considered to have enough bandwidth and 

transmission capacity so traffic will not be delayed or lost during the transmission. On the 

virtual topology side of view, the open channel should be the longest common path of all 

the possible destinations. Also this makes all the traffic travel as long as they can before 

deviated. As shown in Figure 40, the open channel lightpath is set up for the core network 

by utilizing the existing network resource and infrastructure. At the edge, the bursts are 

fast switched to the nearest open channel. In addition, the entire routing path 

configuration is performed dynamically based on the network traffic status and the traffic 

demands from the end users.  
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5.3.2 Architecture  

As shown in Figure 41, the core network consists of open channel switching routers 

interconnected by the DWDM fiber links. The open channel enabled multimode 

switching routers can be used to configure transparent open channels to the next hop 

using existing lightpath resource and infrastructure. An open channel can be configured 

between the segments of the source and destination pair with any length based on 

availability, unlike OCS in which the circuit is established end to end with dedicated 

reservation schemes. Once an open channel is set up, traffic to the corresponding 

destination can switched to the open channel to minimize the delay and loss by utilizing a 

fast switching fabric with the most advanced MEMS technology. The fast MEMS optical 

switch is a key component to provide fast switching. Traditionally, the optical switching 

is performed at a sub-second level, usually ranging from several to hundreds of 

milliseconds. However, the new advanced MEMS switches can support all-optical 

switching witin less than half of a millisecond with acceptable power loss. With the fast 

MEMS switches, the optical networking paradigm could be changed. Previously, the 

switching time contributes a considerable fraction of the total processing time that is 

Figure 40  Concept of the open channel DWDM network. 
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sometimes comparable to the burst length itself. With the fast MEMS switches, the 

switching time can be greatly reduced, which makes the overhead negligible compared to 

the burst length. By utilizing this fast switching technique, the traffic can be switched 

more dynamically with better QoS support. The proposed open channel scheme is very 

promising, as switching the data burst to the nearest open channel can be practically 

realized while the transmission in the open channel can be almost lossless with negligible 

delays.  

More specifically, the open channel is defined for some source-destination (S-D) 

pairs under current traffic conditions. Unlike OCS, where the circuit is established upon 

request to serve one or several applications and services usually have a long duration 

such as months or even years, the open channel can be utilized with much shorter 

durations and can be easily torn down, shortened or extended by deleting or adding 

connections. Furthermore, OCS tries to setup an end-to-end connection while open 

channel tries to reserve a connection segment based on availability with more flexibility.  

Figure 41 Open channel multimode Switching Network. 
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5.3.3 Open Channel Signaling 

Open channel can be configured in the core network to establish a longest common 

path among multiple destinations. Unlike circuit switching which needs to configure the 

end-to-end lightpath, open channel scheme can create an open channel of any length 

based on current resource availability. For example, if there is a difficulty in reserving 

channel from one node, the open channel can still be configured without the failure node, 

with the option to extend the open channel when the node becomes available. The major 

advantage of the open channel paradigm is that it is more dynamic and flexible in the 

duration and the length of the open channel. In addition, the established open channel can 

still be allowed to be reconfigured, such as to extend with more nodes, tear down a 

portion of it instead of the entire connection or alter some node with better candidates.  

Figure 42 shows the signaling protocol of the open channel DWDM network with 

 

Figure 42 Open channel Signaling.  
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elaboration of the reservation scheme. Starting node begins the open channel reservation 

by sending request message to the downstream node. The downstream node will try to 

reserve the channel for the open channel request as soon as the request is received. If 

there is an available channel which can be successfully reserved, the node will forward 

the request to the next hop and send back the ACK signal to the upstream to notify the 

success establishment of the open channel at this node. The open channel reservation is 

stage by stage. When there is an ACK from downstream node, the open channel is 

extended. If there is a decline signal from the downstream node, the open channel stops. 

Instead of setting up an end-to-end connection, open channel tries to reserve the lightpath 

with the best effort. The open channel can be created without the busy node which can be 

added to an existing open channel later. After an open channel is set up, it can be shared 

by different traffic. The traffic can be direct to the reserved channel and transported as far 

as possible through the open channel, then the traffic deviates to their destinations.  

5.4 Open Channel Creation Scheme 

In this section, the network architecture is formalized and the open channel creation 

scheme is proposed in a mathematical model. Based on a graphic model, the open 

channel is established using the best routing path finding scheme with certain criterions. 

The most important attribute of this method is that it does not rely on the global 

information of the entire network. The proposed scheme only requires local information 

of the neighboring nodes to make the decision for the next hop. This can result in a much 

faster open channel creation which allows for fast reconfiguration. This open channel 

creation mechanism can be implemented in both software and hardware.  
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5.4.1 System Modeling 

The network is modeled as a graph , ,  where  denotes the set of nodes 

and  denotes set of interconnected DWDM links between the nodes. For each node , 

∈ , its neighbor set  can be denoted as  | , ∈ . The 

establishment of an open channel between a given source-destination pair is to select a 

traffic path that is able to provide the best performance to all incoming traffic. Generally, 

a routing scheme is to decide an optimal routing path consisting of a set of nodes  and 

the interconnected WDM links based on some certain criteria. With an edge side routing 

assumption, the objective at each step  is to find the best solution  from all the 

neighbor nodes  as the downstream node. Different policies can be applied to 

define and identify the appropriate downstream node from the route calculations based on 

the graph. Two commonly used approaches [70][71] are described as follows:  

Shortest Path Approach: 

As shown in Table 4, for node , the algorithm chooses from the neighbor set of 

nodes  and selects the node which has the shortest distance to the given destination 

node . This approach only takes into account the geographic topology of the network 

and the distribution of the destination regardless of the congestion condition of each node. 

The shortest path approach can ensure a routing path with the least number of hops 

between a given S-D pair to reduce the possible contention at each node and the overall 

delay which is related to the total number of hops. The shortest path approach and some 

variants are widely used as the routing algorithm due to its simplicity, such as the 

deflection routing scheme and the GMPLS routing scheme. However, the disadvantage of 
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this approach is that the shortest path may have a chance leading to higher loss 

probability and more delay, as the intermediate nodes within the shortest path can 

experience high load which may cause more delay and dropping.  

 
Table 4 Shortest Path Approach. 

Input: 	 , ,  ,   

Output:   shortest path route between   and   

Begin 

Step0: initialization  

Shortest path solution =  ,   = 0,   

Step1: Loop 

While ( ! ) do 

For all  ∈  

If(distance( , )<=distance( , )) 

	 	  

 

End while 

End  

 

Lowest Cost Approach: 

In contrast, the lowest cost approach is designed to find the node with the lowest 

cost within the neighboring node set at each stage to minimize the overall cost of the path. 
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In the OBS networks, the metrics of cost can be delay, loss probability or wavelength 

occupancy of the node currently. In the example shown in Table 5, at each node, the 

lowest cost algorithm finds the least congested neighboring node to build a routing path. 

This approach has also been widely implemented in the multi-hop network. However, the 

lowest cost approach can only guarantee that the traffic get the best service at the next 

node which may still lead to a higher loss probability in the nodes further down in the 

path without taking the distance issue into account. Furthermore, the local optimization 

only focuses on the neighboring nodes and makes the selection only based on adjacent 

nodes . 

Table 5 Lowest Cost Approach. 

Input: 	 , ,  ,   

Output:   Lowest cost solution between   and   

Begin 

Step0: initialization  

Lowest cost solution =  ,   = 0,   

Step1: Loop 

While ( ! ) do 

For all  ∈  

If(Cost( , )<=Cost( , )) 

	 	  

 

End while 



 109

Table 5 Lowest Cost Approach (cont.). 

End 

	 	  

 

End while 

End 

5.4.2 Cost Constrained Shortest Path Approach 

In order to avoid local optimization, which is only designed to achieve the best 

performance within the neighbor nodes, the cost constraint shortest path approach is 

introduced to select a set of lowest cost candidates within the neighbor nodes and then the 

one with the shortest distance to the destination is picked. As shown in Table 6, N is the 

number of selection set, and the lowest cost and the shortest path solution within the set 

will be computed as the final solution.  

Table 6 Cost Constrained Shortest Path Approach. 

Input: 	 , ,  ,  ,   

Output:   Cost constraint shortest path solution between   and   

Begin 

Step0: initialization  

Cost constraint shortest path solution =  ,   = 0,   

Step1: Loop 

While ( ! ) do 
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 Table 6 Cost Constraint Shortest Path Approach (cont.). 

For all  ∈

 = Cost( , ) 

Sorting ( ) 

For (i<=N) 

If(distance( , )<=distance( , )) 

	 	  

 

End while 

End 

5.5 Numerical Results 

Simulation results to demonstrate the efficiency of the proposed open channel 

DWDM network approach are presented. Monte Carlo simulation using C++ is applied to 

simulate the network with randomly distributed network diameters with interconnected 

nodes. The loss probability at each node is predicted based on Erlang formula with 

 
Figure 43 Number of hops for a traffic flow to traverse with increasing network diameter.  
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random distribution from the Monte Carlo methods. The optimal open channel creation 

method is performed using neighboring node information by taking into account both the 

loss probability and the geographical distance to the destination. In comparison, the 

traditional shortest path approach and the lowest cost approach are also simulated to 

show the efficiency of the proposed open channel paradigm.  

From the simulation results in Figure 43, it can be observed that with the open 

channel created in the core network, the number of hops can be greatly reduced compared 

to the traditional network architecture. Reducing midpoint hops where the traffic needs to 

be processed and potentially dropped is the motivation of the open channel concept. In an 

open channel network, the number of hops increases with the diameter of the networks 

but in a much slower speed compared to the traditional network mechanism. The reason 

is that the length of the open channel can be dynamically configured with the dimension 

of the network.  

Results on the end-to-end blocking probability are presented in Figure 44 and 45. 

In both figures, open channel shows much lower loss probability than the traditional 

 
Figure 44 End-to-end blocking probability analysis with normalized traffic intensity in network diameter 

of 8 hops. 
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methods, and therefore, there is a clearly margin in performance gain between the open 

channel approach and existing routing approaches. In addition, the blocking probability 

improvement is more obvious in a larger network, which means the open channel method 

is more effective in a large network with more hops.  

Figure 46 shows that the end-to-end blocking probability increases with the 

increase in the network diameter as illustrated earlier. More hops lead to higher dropping 

rates as traffic loss can occur at any of the intermediate hops. The results also 

 
Figure 45 End-to-End blocking probability analysis with normalized traffic intensity in network diameter 

of 16 hops. 
 

 
Figure 46 End-to-End blocking probability analysis with increasing network diameter under low and high 

traffic load. 



 113

demonstrate that open channel delivers a much better performance compared to the 

traditional network routing schemes. The results also show the efficiency of the open 

channel approach in both the high traffic load and the low traffic load. Note that the 

results are presented in a log scale, which indicates that the open channel approach is 

even more effective in the high traffic load scenario.  

Results of multiple flows are presented in Figure 47. The simulation is performed 

with multiple traffic flows. For simplicity, assume all the traffic flow has the same 

average bandwidth which is 20 Mbps and the total channel capacity is 10Gbps. In this 

way, total number of 500 traffic flows can be served with QoS support. In Figure 47, it is 

shown that the end-to-end delay gets worse as the number of traffic flows increases in 

each of the three scenarios. However, the proposed open channel method achieves the 

lowest delay. The reason is that the open channel can be shared among any traffic flows. 

This is one of the major attributes of the open channel design. 

5.6 Summary 

The QoS provisioning is very important especially in the modern network design, 

as the heterogeneous traffic and applications bring in various delay and loss requirements. 

 
Figure 47 End-to-end delay analysis for multiple traffic flows scenario. 
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In DWDM networks, delay and traffic loss are mainly related to core nodes which 

usually operate in the optical domain and are lack of practical optical buffering. 

Generally speaking, as the traffic traverses more hops, it encounters higher loss 

probability and the delay. Therefore, in addition to the packetized DWDM network 

described in Chapter 4, which is mostly focused on the optimal resource allocation 

scheme, in this chapter, a new network reservation mechanism is provided to reduce the 

number of hops for an end-to-end transmission. More specifically, a method called Open 

Channel DWDM network is proposed. With the proposed scheme, an open channel is 

established in the core network to serve traffic between source and destination pairs. 

Open channel is more flexible and can be configured more dynamically compared to 

standard circuit switching in which only end-to-end lightpaths can be established. The 

proposed open channel DWDM network is analyzed with numerical results followed by 

discussions. 
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Chapter 6 Next Generation DWDM All-Optical Network 

In the past few years, the bandwidth demands for the communication systems has 

surged due to the blooming of video content service and other emerging interactive real-

time data centric communications. IP traffic for the consumers is expected to double 

every two years and this growth rate is expected to be maintained in the near future. All 

of these novel applications and service stimulate the bandwidth growth which will bring 

changes to the development of the communication systems. In order to meet this 

requirement as well as to provide higher bandwidth with less cost, new-generation optical 

communication systems are being developed. Recent researches have demonstrated the 

efficient solution which can transmit 100Gbps per channel under a dense wavelength 

division multiplexing (DWDM) network over a long distance with great promises. The 

next generation network systems need to support emerging applications and services 

effectively. Scientific grid applications with high-end client computers, cluster storage as 

well as cloud computing with interactive scalable environments are all considered to be 

the new generation applications which are very bandwidth consuming. On the network 

operator’s side, multiple high-speed optical paths need to be connected to serve the high 

bandwidth flows. Innovations in the optical network systems have been achieved through 

the advanced optical amplification to enable the long distance DWDM transmission 

which can provide over 100Gbps per channel.  

Besides the growing demand for bandwidth, another issue which attracts more and 

more attention today is the heterogeneous characteristics of the modern network traffic. 

The popularity of today’s widespread Internet has introduced more and more multimedia, 
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interactive and real-time applications, such as high quality video, VoIP service and online 

gaming. These novel applications not only require higher bandwidth but also have put on 

more challenges to QoS provisioning. Note that, different applications even within the 

same applications different packets or messages may have quite different bandwidth, 

delay, and jitter requirements. There is no simple solution to accommodate all the 

demands.  

Before the rise of DWDM techniques, the optical access communication system is 

based on the single mode fiber which has the lowest chromatic dispersion at a wavelength 

of 1300 nm. Later on, the transmission band shifted to 1550 nm, where the optical fiber 

has the lowest loss. All the early systems can transmit under 1Gbps and usually only have 

one single channel over a single piece of physical fiber. The major limitation is that the 

optical signal needs periodically regeneration due to the attenuation. And this could only 

be done by the regenerators using expensive Optical-Electrical-Optical (O/E/O) 

conversion. This has been greatly mitigated by taking the advance of the invention of 

Erbium-Doped Fiber Amplifier (EDFA) which can support amplification at multiple 

wavelengths to enable an extended optical signal reach without massive O/E/O 

regenerators.  

WDM has been developed to utilize a set of wavelengths to carry the traffic 

independently within a single physical fiber. Because it is usually applied in optical 

carrier, it is typically described as wavelength division multiplexing. The early WDM 

systems can allow several Gigabits per second wavelength channel to be transmitted 

within one fiber without O/E/O based optical signal regenerations. Modern DWDM 

systems enable 192 DWDM channels working at the conventional bands with more than 
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100Gbps per channel. The major advantage is that it allows the network operators to 

expand the capacity of network by adding more channels without changing the existing 

optical fiber network.  

DWDM has been considered as the most promising solution in the recent years. 

The optical signals are multiplexed within the band 1550 nm to improve the performance 

of the EDFA. The EDFAs were first developed to replace the SONET/SDH O/E/O type 

regenerators to amplify any optical signals in the operating range which is most effective 

for the wavelengths between approximately 1525-1565 nm (C band), and 1570-1610 nm 

(L band). One of the main benefits of EDFAs is that a single channel optical connection 

can be upgraded to multiple channels by only replacing the ends of the link while the 

existing EDFAs can be retained in a long haul route. In this way, adding more channels in 

the existing link will average the cost and make the DWDM systems cost effective. 

In the efforts of building the next generation DWDM system, which is expected to 

be operated at 100Gbps and beyond, the traditional modulation schemes as well as the 

direct detection schemes are not suitable to support the transmission performance. Digital 

coherent optical communication system has been investigated recently for practical 100 

Gbps optical transmission.  

As described above, the development of modern optical communication systems 

along with advanced techniques has already made the optically routed transparent 

network cost effective with high bandwidth. However, there are still many open issues for 

future optical networks. The first challenge is the limitation of the network utilization 

efficiency in the wavelength-routed optical networks. The full capacity of the entire 

wavelength may not be occupied so the residual bandwidth is wasted due the rigid 
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characteristic of the wavelength-routed network. The second challenge is how to 

accommodate the growing traffic with a cost-effective and scalable solution. The third 

challenge is how to provide large bandwidth to customer premises with protocol 

transparency such as FTTH issues. Another issue is QoS provisioning for heterogeneous 

traffic demands. 

6.1 WDM-PON Systems 

The broadband access to the residential premises is one of the key issues in today 

optical communication systems. High quality videos as well as other bandwidth 

consuming service have dominated traffic, so more bandwidth at lower price is the trend 

in the telecommunication market. Also the operational expenditure (OPEX) saving is 

another consideration as the increase of OPEX due to the growing active nodes. In order 

to meet all these requirements, Passive Optical Network (PON) has been proposed to 

provide a cost effective solution with protocol transparency. Unlike Active Optical 

Network (AON) which is a point-to-point based architecture with active devices to 

distribute the signal, the PON is developed in a point-to-multipoint fashion with 

 
Figure 48 Typical architecture of the optical transport network with WDM-PON access. 
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unpowered optical splitters to serve the premises. The major difference is that there is no 

active device in the PON. Currently, the PON are based on Time Division Multiplexing 

(TDM), and the latest version of this type of PON is XG-PON in ITU-T G.987.  

TDM-PON architecture deploys a shared transceiver to communicate the optical 

line terminal (OLT) with N optical network terminal (ONT), which requires N power 

splitter to split the optical signal with equally power. In the TDM architecture, each 

remote end user uses the same wavelength and shares the same high performance channel 

in the time domain. The ONT users will take turns to utilize the individual transmission 

time slots to transmit. For the downstream, a single wavelength is used to broadcast to all 

the ONT users. Each ONT recognizes its own data packets by using the information in 

the header bit streams. The advantage of this TDM-PON approach is the saving in optical 

components since only one shared transceiver is required for all the end users. However, 

on the other hand, there are limitations of the TDM scheme as described below. First, the 

insertion power loss of the optical branching device is considerably high due to the 

optical power splitter and the receiver noise bandwidth. Secondly, the TDM scheme is 

operated with dynamic bandwidth allocation which requires more complex control and 

traffic management. In addition, the time-slotted transmission sometimes leads to a poor 

latency and delay performance which is very critical for delay-sensitive services. 

To overcome the possible drawback of the TDM-PON while bringing the 

advantages of the wavelength multiplexing technologies, the WDM-PON has attracted 

more and more attention as the ultimate solution for the optical access network compared 

to the TDM-PON approach. Typically, a PON system is built up with N users shared an 

optical access infrastructure which is connected to an OLT. On the user side, ONT is 
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equipped at each terminal to provide the customers with interface to the PON. WDM-

PONs allow each ONT to use one individual wavelength channel to provide a point-to-

point optical access through a single fiber. This feature can make very efficient use of the 

fiber. The general architecture [72] of the WDM-PON is shown in Figure 48. Multiple 

wavelengths are multiplexed and demultiplexed at the remote node devices where the 

upstream traffic is combined into one physical fiber while keeping all incoming 

wavelength channels transmitted individually. The downstream traffic is separated by 

different carriers to make sure the end users use their dedicated wavelength.  

The main benefits brought in by the WDM technology over TDM can be illustrated 

in three aspects. First of all, the power splitter in the TDM-PON is replaced by the 

wavelength splitter (demultiplexer) which can achieve a very small splitting power loss. 

Furthermore, the point-to-point optical connectivity can greatly reduce the receiver noise 

because the receiver matches the individual channel. The last but not least, this direct 

dedicated optical lightpath for each end user can provide a better QoS guarantee.  

6.1.1 State of the Art of WDM-PON Systems 

DWDM is the most recent generation standard of the optical communication 

system to provide huge bandwidth with expandable link capacities over long distance. 

DWDM has been implemented in the long range and metro access networks. However, 

there is no significant contribution of DWDM into the local access area such as the FTTx 

(e.g., FTTH and FTTB) solution. One of the critical limitations is that expensive 

transceivers are necessary at remote nodes to serve the WDM channel defined by the 

optical transport layer. The exclusive wavelength assignment is not cost effective due to 
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Figure 49 Colorless solutions for DWDM-PON implementation. 
 (a) Wavelength tunable laser WDM-PON. (b) Injection locked FP-LD WDM-PON (c) Laser injected 

R-SOA WDM-PON.  
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the colored transceivers, so that colorless issue is one of the major concerns for the 

implementation of the WDM-PON scheme for the FTTx. 

As an optical local access solution, WDM-PON has been first deployed and 

commercialized in South Korea in 2004 [73]. It was first built with colorless scheme 

named Injection Locking to provide a minimum of 100Mbps bandwidth, and  it was 

connected with 32 ONTs per PON. This scheme has been field tested with a maximum 

transmission distance of 20km by several experiments. Right now, South Korea has 

implemented the most advanced FTTx system with the highest level of the FTTx 
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penetration which is above 60%. Although more than a hundred thousand lines has been 

implemented for the WDM-PON system in South Korea, the price issue is still the key 

bottleneck for the large scale massive deployment due to the colorless issue.  

Since the colorless solution is the most important factor for a cost effective WDM-

PON system, most efforts of building a feasible implementation of the WDM-PON 

system have been focused on the color light source schemes. The following schemes are 

currently used or being developed to provide feasible colorless light sources.  

6.1.2 Tunable Laser (TL) 

The tunable laser (TL) is a common solution for wavelength conversion, which has 

been implemented in the optical communication systems. Although it is easy to perform 

small shifts in the output wavelength, the DWDM applications require a relatively wide 

continuous wavelength tuning range. Among several effective tuning schemes such as the 

Distributed Feedback (DFB) semiconductor laser, the Vertical Cavity Surface Emitting 

Laser (VCSEL) and the External Cavity Laser (ECL), ECLs can provide a cost-effective 

solution for the modern DWDM systems with wide-range tunability. For a standard 

WDM-PON configuration employing tunable lasers, both ONTs and OLTs have been 

implemented with TLs to provide a wavelength selective feature at both sides. In addition, 

the direct tunable laser does not need an external seed light source, which will result in 

additional loss in the OLT. On the other hand, the limitation of the tunable laser schemes 

is that a sophisticated wavelength alignment is required for the remote ONT to manage 

the wavelength assignments. Due to the high cost and above mentioned difficulties, there 

is currently no commercially deployment of the TL-based WDM-PON system.  



 123

6.1.3  Injection Locked Scheme Using Fabry-Perot Laser Diode (FP-LD) 

The injection locked scheme applies a spectrum sliced broadband light source to a 

Fabry-Perot Laser Diode (FP-LD) to generate an injection locked modulation signal at 

the required wavelength. Sliced spectrum scheme is that the ONT uses a broadband light 

source to modulate the signal and the demultiplexer implemented in the remote node (RN) 

will then slice out the individual wavelength for each subscriber. This is probably the 

most efficient method to provide the colorless solution and it is the only commercialized 

deployment of the WDM-PON system. The first implementation of the commercialized 

WDM-PON by LG-Ericson as an FTTx access solution has adapted this injection locked 

FP-LD scheme to provide a 125Mbps bidirectional communication with a 32 split ratio. 

And later on it was moved on to the 1.25Gbps with 16 split ratio. A standard injection 

locked FP-LD scheme use E band and L band as the downstream light source while the C 

band is usually used as the upstream light source. A bidirectional FP-LD based 

transceiver is equipped at both ONTs and OLTs.  

6.1.4 Reflective Semiconductor Optical Amplifier (R-SOA) based Scheme 

Reflective Semiconductor Optical Amplifier (R-SOA) has been considered as one 

of the promising inexpensive colorless light source which is vital for the WDM-PON 

applications. Similar to the FP-LD scheme, a R-SOA is used in the transceiver to provide 

a colorless solution. The modulation and the amplification are both performed at ONT 

and OLT. R-SOA based scheme is usually implemented in loop back fashioned 

architecture, such that the seed light from the central office (CO) is then modulated by the 

R-SOA at the OLT and then sent back to the CO as the upstream light path. Due to this 
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loop back feature, the distance has become one of the major limitations for the large scale 

implementation of the R-SOA. It is mainly because the restriction of the upstream power 

which is limited by the R-SOA gain. Several R-SOA applications have been studied and 

tested. For example, ETRI has demonstrated a project with 2.5Gbps downstream (DS) 

and 1.25 Gbps upstream (US) over a 20km distance.  

Typically, the DS and the US occupy the different wavelength. However, there is 

another R-SOA-based scheme which applies remodulation techniques to reuse the 

downstream signal as an injection light source. The downstream signal from the seed 

light source is injected into the R-SOA at OLT to reflect and amplify the upstream signal 

power.  

6.1.5 Next Generation WDM-PON System 

Recent progresses toward next generation WDM-PON systems are mainly focused 

on providing higher bandwidth, e.g., 10Gbps, with longer reach, e.g., 100km.  

Long-reach Coherent WDM-PON: 

R-SOAs described above have been demonstrated as one of the promising 

candidates for the cost effective colorless solution for the next generation WDM-PON 

system. However, the usually adopted loop back feature makes the long reach capability 

difficult since the power budget is limited. Compared to the power increasing scheme 

which will also amplify the reflected seed light, coherent scheme has been proposed to 

extend the maximum reach. A self-homodyne receiver has been implemented to enable 

the upstream to utilize a number of wavelengths. The advantage of this approach is that it 

can support a large number of client users and achieve a long reach.  
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10 Gbps R-SOA based WDM-PON: 

Besides the maximum distance, the bandwidth per channel is also a major concern 

for the next generation WDM-PON communications. Due to the directly modulated R-

SOA implemented in the receivers, it is not easy to operate at more than 10Gbps 

bandwidth. A lot of efforts have been put into this topic to provide a colorless solution 

with over 10Gbps by using electronic equalization. Electronic equalization does not 

require any additional optical components, and this vital advantage allows direct 

modulated R-SOA to be performed at the speed as high as 25.78Gbps. The limitation of 

this scheme is its sensitivity to the chromatic dispersion (CD) which is harmful to the 

maximum reach. A 4-ary pulse amplitude modulated signal was used with a bandwidth 

limited R-SOA. The compact spectrum can significantly reduce the impact of the CD.  

6.2 Spectrum Efficient SLICE Solution 

The growing demand on bandwidth has driven the innovations of the next 

generation optical communications, which must provide high bandwidth service and 

efficient channel utilization in a cost effective manner. Based on this background, most 

recent techniques such as advanced modulation schemes, coherent detection, digital 

equalization and optical amplification have greatly improved DWDM systems with 

longer distances. Although DWDM has been implemented in the wide area network, the 

efficient wavelength utilization is still an open issue. Currently, the wavelength-routed 

lightpath network cannot provide flexibility and efficiency for the scenario where the 

traffic from the clients is not sufficient to occupy the entire wavelength bandwidth. It is 

economically desirable for the sub-wavelength level resource allocation which can utilize 

the wavelength in a finer granularity. On the other hand, some bandwidth consuming 
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Figure 50 Architecture of the Elastic optical network with bandwidth slicing and aggregation. 
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applications such as premises and scientific applications and cloud computing may 

require extra bandwidth even > 100Gbps which is difficult to be filled into the fixed 

50GHz spectrum slots defined by the ITU. In order to utilize the huge bandwidth brought 

by DWDM technology, a novel optical transport network (OTN) architecture called 

spectrum sliced elastic optical path network (SLICE) was proposed [74] to better utilize 

wavelengths at the sub-wavelength level. In contrast to the infeasible OPS scheme, 

SLICE performs resource allocation at a coarser granularity but it is better than the 

standard wavelength routing. It can accommodate various transmission rates with 

spectrum efficiency.  
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6.2.1 Architecture of SLICE 

The key concept of the SLICE architecture is to allocate suitable size of the 

bandwidth to an end-to-end lightpath to the clients. This dynamic resource allocation is 

performed based on the traffic demand and end user requests on a given route. SLICE 

does not aggregate the traffic from the upper level to utilize the entire spectrum. Instead, 

SLICE slices off the spectrum to serve the user requests with necessary amount of 

bandwidth. The advantage over the conventional fixed bandwidth allocation is that the 

optical path is able to be expanded or contracted according to the traffic requests. 

Meanwhile, the name “elastic” denotes this feature of SLICE which is flexible spectrum 

utilization compared to the rigid wavelength assignments. In addition, the unique virtue 

of SLICE is to perform the segmentation and aggregation of the spectrum for variant 

traffic demands in an elastic resource allocation manner.  

Sub-Wavelength Resource Allocation: 

The conventional DWDM networks bring in huge bandwidth to the backbone 

network with wavelength multiplexing to utilize the physical fiber more efficiently. 

However, the standard wavelength routed architecture such as ROADMs can only 

operate resource allocation at a full wavelength capacity which may result in a waste of 

the residual spectrum. Instead, SLICE can provide a cost effective bandwidth assignment 

solution for the applications with just enough bandwidth instead of the entire wavelength. 

This scheme can assign a fraction of the bandwidth, and thus, each node in the network 

can create a dynamic appropriate size spectrum connection with fractional bandwidth 

allocation. Cost effectiveness as well as ease of service provisioning are the main 

advantages of this sub-wavelength enabling feature. 
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Super-Wavelength Connection: 

The current ITU grid is at 50 GHz which cannot support bandwidth greater than 

100Gbps as they will be overlapped with 50 GHz spectrum boundary. SLICE has been 

considered as one promising solution to provide a link aggregation scheme to overcome 

the limit of the link transmission. This optical path connection with extra high bandwidth 

can be created in SLICE as a super wavelength since it can go beyond the limits of a 

single wavelength. An implementation of Orthogonal Frequency Division Multiplexing 

(OFDM) based SLICE transponder to utilize this super-wavelength accommodation has 

been demonstrated [75].   

6.2.2 Essential Enabling Technologies in SLICE 

The primary motivation of the SLICE architecture is to provide flexible bandwidth 

allocation to set the elastic optical paths with optical spectrum efficiency. In order to 

assign just enough bandwidth to the end-to-end elastic optical paths and to provide 

variable capacity adjustment in the spectrum level based on the service demand, the 

bandwidth-variable (BV) optical cross-connects (OXC) and BV transponder are the two 

most important technologies in SLICE. 

The major advantage of the SLICE Wavelength Cross-Connect (WXC) over the 

conventional one is the contiguous configuration of the bandwidth assignment according 

to the spectrum demand from the incoming traffic. The novel WXC is implemented with 

the BV Wavelength Selective Switch (WSS) which is the key technique of the variable 

bandwidth transmission. Basically, the broadcast-and-select switch is utilized by the 

optical splitters and the WSS for the outputs to provide add-drop features for the local 
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and pass traffic. The essential part of the WSS is a 1xN switch with a continuous tunable 

and variable transmission spectrum. Two mostly used techniques for WSS are MEMS 

and liquid crystal on silicon. In addition to the classical WSS, the BV WSS can achieve 

arbitrary spectral width to any outputs with add/drop functionality. Such BV WSS has 

been demonstrated by high resolution and high fill factor MEMS-based WSS [57]. 

The BV transponder is designed to guarantee variable spectral granularity 

according to the input traffic demand and provide dynamic adjustment features to the 

bandwidth allocation. The key issue for this enabling technique is the multicarrier 

solutions in which multiple subcarrier signals are transmitted and modulated at traffic rate 

lower than the channel bandwidth. Usually the subcarriers are multiplexed in the 

wavelength/frequency domain to achieve high transmission rates. Several multicarrier 

solutions have been proposed to address the transponder implementation issues for the 

elastic optical network, e.g., CoWDM, Nyquist-WDM, CoOFDM. An OFDM based BV 

transponder scheme has been demonstrated for SLICE. The incoming traffic data is first 

split into individual modulators with a lower rate than the bandwidth. Then the 

multicarrier source generates the subcarriers to transmit the data from modulation. Here 

the carriers are orthogonal in the frequency domain and are subsequently multiplexed to 

form the OFDM signal. In addition, an optical no-guard interval OFDM modulation 

employed in SLICE can help to mitigate the influence of transmission impairments 

stemmed from chromatic dispersion and polarization mode dispersion to perform better 

utilization of the spectrum.  

6.3 OpenFlow Switching Network 

Another academia track of the network paradigm is called OpenFlow network [76], 
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Figure 51 OpenFlow switching network.  

which is designed to provide flow based traffic management with more flexibility and 

compatibility with multiple protocols. It is originally proposed to define a platform for 

researchers to run experimental scenarios with different protocols in the network without 

affecting existing traffic connections. OpenFlow concept proposed a new flow-based 

forwarding scheme where traffic can be added or removed as flow entries. There is also a 

separation of the control and data planes with new flexible features. The initial 

motivation for this OpenFlow network architecture was to achieve a pragmatic 

compromise between the researchers or end users and the service providers. Researchers 

on one side can operate experiments on all kinds of switches uniformly. On the other side, 

the severe providers do not need to worry about the exposure of their internal switches. 

In addition to the researches on campus, OpenFlow has drawn more attention as a 

potential candidate to deliver open-source protocols for network virtualization and has 

been used as a control plane technique in heterogeneous networks. In the wavelength- 



 131

based networks, recent researches are focused on utilizing the OpenFlow protocol to 

control a wavelength switched optical network to handle heterogeneous traffic. An 

OpenFlow network consists of OpenFlow controllers, OpenFlow switches, and secure 

channels between the controller and the switches as shown in Figure 51. The most 

important part in the OpenFlow network is the OpenFlow control protocol which has 

been implemented as a signaling protocol between the controllers and switches [77].  

6.3.1 Essential Components for OpenFlow Network 

OpenFlow Enabled Switches: 

The basic idea of an OpenFlow switch is to define a common set of functions that 

run in multiple routers and switches while contemporary switches all contain flow-tables 

including network address translation (NAT), QoS and statistics collection. An OpenFlow 

switch typically consists of a flow table that contains flow entries to instruct the switch 

on how to handle the flow, a secure channel which connects the OpenFlow switch with 

the remote controller to communicate the commands and messages, and the OpenFlow 

protocol to provide an open and standard communication mechanism for the controller to 

send message to the switch.  

A typical entry in the flow-table contains three fields: (1) A packet header to specify 

the traffic flow: In wavelength switched networks, packet header will indicate the 

transmission wavelength of the flow. (2) The action, which defines how to process the 

flow: Destination ports and QoS requirements of the flow can be informed the switch 

with processing information. (3) Statistics, which is to keep track of the flow in terms of 

the number of packets, timing issues, loss probability and so on.  
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Remote Controller: 

The OpenFlow switches as well as the optical cross-connects in the network are 

controlled by the remote controller through the OpenFlow protocol to establish the 

switching lightpath flow of the incoming flows. Once a request of an optical flow is 

received by the controller, it will perform the routing and wavelength assignments using 

the current knowledge about the network, usually assuming centralized controlled. After 

the creation of the lightpath, controller will add a new entry to the flow table of the 

corresponding OpenFlow switches to inform the path and wavelength routing with all the 

parameters. The OpenFlow switch will then just follow the instruction to configure the 

optical cross-connects to setup the lightpath for the incoming flow. More specifically, 

many research efforts have been focused on the protocol design. The GMPLS protocol is 

implemented and demonstrated for the OpenFlow network design.  

6.3.2 Challenges for Implementation 

The most critical component in an OpenFlow network is the OpenFlow enabled 

switch which will perform the physical manipulation of channel setting and traffic 

management. OpenFlow has been supported by some vendors and are deployed in 

networks on the Ethernet based router and switches. In the Ethernet router, 

implementation of the OpenFlow concept mainly deals with the creation of new flow 

tables and development of new protocols. Introducing OpenFlow to the optical networks 

is more complex, as wavelength assignments and cross-connects configuration are more 

challenging in the wavelength switched network systems. 
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6.4 DWDM Multimode Switching Router 

DWDM technology has brought great expansion of network capacity to the core 

network. The most crucial advantage of the DWDM scheme is that it can utilize the 

existing infrastructure more efficiently by enabling multiple wavelengths transmitted in 

one physical fiber individually. The great success of the DWDM has made it possible to 

be widely deployed in the long haul backbone network. Meanwhile, the widely 

implemented DWDM transmission requires more sophisticated switching paradigms to 

perform the optical switching efficiently.   

The tremendous bandwidth provided by the DWDM technology has stimulated a 

great variety of applications such as high definition (HD) videos, online gaming, VoIP, 

and instant messages in today’s Internet. Different applications and different messages 

within the same application may have unique delay and QoS requirements. For example, 

in the telesurgery operation, the monitoring on the remote side requires 3D HD video 

delivery which has extremely high bandwidth demand, while on the other hand, the 

controlling command to operate the surgical robots are mostly low bandwidth but delay 

sensitive short messages. There is no single solution to meet all the demands.  

6.4.1 Reconfigurable Multimode Router as a Service Platform  

 Heterogeneous characteristic of the Internet traffic, especially the two-way 

asymmetric communications and the desire of a cost effective solution for scalable O/E/O 

conversion scheme, has driven the novel hybrid switching schemes to be invented. No 

single solution can be the winner to all applications so that hybrid solutions and 

multimode solutions are natural candidates for the future DWDM employment. 
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In order to solve the multi-application traffic dilemma, the unified DWDM 

multimode switching paradigm described in Chapter 2.6 allows for scalability in 

implementation with DWDM. In the DWDM multimode switching network, each 

DWDM channel can be configured in any of the three switching modes: EPS, OBS and 

OCS. On the application side, it can dynamically choose the best switching mode for the 

entire application or multiple switching modes for messages within the application. The 

main innovations of the multimode switching are the following. The first one is 

reconfigurablity. Each DWDM channel can be dynamically reconfigured to be in each of 

the three modes, namely, EPS, OBS and OBS, based on the traffic demands. The second 

one is asymmetry. Different switching modes can be operated in a two-way 

communication to satisfy the data characteristic of each direction. The last one is the 

shared O/E/O converter pool. In DWDM multimode switching, the expensive O/E/O 

converters are implemented as a pool to be shared by the three modes. EPS needs O/E/O 

conversion for each port while OBS and OCS only require O/E/O converters when 

wavelength conversion is needed. Instead of equipping each channel port with an 

expensive O/E/O converter pair, converter pool can be shared among the DWDM 

channels. 

The DWDM multimode switching router is positioned as a promising solution for 

supporting next generation DWDM network applications by both accommodating 

existing requirements and supporting future demands. The DWDM multimode approach 

is a cost effective unified solution to carry heterogeneous traffic without building separate 

switching fabrics to handle individual traffic demand. Moreover, the dynamic feature 

provides flexibility, which is desirable in the core network. In addition, the unified 
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Figure 52 Multimode switching router equipped at RN in WDM-PON architecture.  

switching platform is cost effective by allowing shared resource in the core network, 

which is very efficient for those short duration service applications. The multimode 

switching router is positioned as a promising service platform for DWDM network 

applications. 

6.4.2 Service Platform for WDM-PON 

As mentioned before, WDM-PON architecture is suitable for FTTx solution to 

bring great bandwidth to end users by utilizing the WDM technology to split the 

wavelengths to the ONTs. However, the key issue in almost every WDM-PON solution is 

the colorless scheme and the effective utilization of both upstream and downstream 

wavelengths. In order to provide the desirable colorless attributes to the WDM-PON, 

several approaches have been proposed such as tunable lasers, R-SOA and FDLA 

schemes. All of these schemes are mostly focused in the ONT side by equipping the 
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advanced wavelength conversion devices as well as the power effective devices. Still, the 

cost is the major concern and limitation for most solutions. Wavelength conversion is 

always expensive and it lacks the efficiency in both speed and power considerations due 

to the current optical technologies. More specifically, all existing solutions greatly rely on 

the deployment of the wavelength conversion device for each ONT, which is not cost 

effective, especially when massively building the WDM-PON networks.   

Reconfigurable multimode switching router can be equipped as the service 

platform in the remote node to handle all the upstream traffic from the ONTs and the 

downstream traffic to the end users. First, the multimode switching router is ideal to 

provide a colorless solution to process the traffic to the end user with the shared 

wavelength converter pool. Unlike the current colorless schemes which greatly relies on 

the wavelength conversion devices at each ONT, multimode switching router can perform 

the wavelength conversion using the shared converter pool in a more efficient way. The 

wavelength converter equipped in the multimode router can be shared among all the end 

users to receive downstream traffic. The upstream traffic from the ONTs can be 

reconfigured in the multimode switching router using a different wavelength if there is a 

conflict, to avoid the possible loss. Typically, each ONT utilize an individual wavelength 

to provide tremendous bandwidth to the end user exclusively. However, the wavelength 

conversion is needed when there is a wavelength collision with other ONT request, so a 

shared converter pool is a more cost effective solution since the converters in the pool can 

be assigned to serve the ONT traffic only when necessary. Secondly, the reconfigurability 

is another unique attribute to serve as the platform for the WDM-PON network. All the 

traffic can be reconfigured into a different switching mode which is more preferred by the 
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end user. Meanwhile there is no need to perform the same switching mode along the 

entire transmission lightpath, e.g., OCS can be performed in the long haul network while 

switching at the burst level in the local domain to provide more flexibility. The exclusive 

wavelength assignment for the ONT is less of manipulation at the remote node side to 

deal with heterogeneous traffic to and from the core network. 

6.4.3 Service Platform for OpenFlow Architecture 

The emerging OpenFlow paradigm is designed to provide flow based flexible 

traffic management to end users without affecting the core network maintained by the 

service vendor. A control plane program runs on a separate controller in which all the 

forwarding rules have been installed. The OpenFlow switches perform the flow control 

and forwarding based on the rules stored at the controller. However, the adoption of 

OpenFlow architecture in the commercial network applications is relatively slow due to 

the scalability issue and maintenance of the forwarding rules table. Since the forwarding 

rule for each flow needs to be stored at every switch on the desired lightpath, the 

scalability becomes the critical limitation to the OpenFlow. Another major concern on the 

service vendor side is the integration with the legacy network in use which does not 

support OpenFlow.  

The multimode switching router described in this dissertation can serve as a 

scalable OpenFlow service platform to support the flow based OpenFlow switching 

capability in the core network. The multimode router is able to accommodate traffic in all 

switching modes and can be reconfigured into a different switching mode. When there is 

request in an OpenFlow network, network operating system (NOX) gets all the 
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information of the traffic flow and make the routing and scheduling decisions based on 

that. The NOX inserts a new flow entry to the flow table at each associated OpenFlow 

switch based on the routing decision. The multimode router gets the information from the 

flow table and sets the status at the multimode edge router. Multiple flows could be 

processed jointly by the multimode edge router, and a lightpath can be set up for a 

dedicated flow, or for a set of flows. If the possible wavelength is already in use, the flow 

will be routed to an alternative wavelength via the shared wavelength conversion fabric. 

After the wavelength assignments, the incoming flow is passed to the next hop. Here, the 

routing and scheduling is performed at the NOX remotely, while the multimode 

switching router can do the wavelength assignment based on the routing information. The 

separation of IP based operations and optical operations can maximize the benefits by 

reducing the IP based interpretation in the core network while providing more processing 

flexibly at the edge.  

6.4.4 Supporting Cloud Computing 

Cloud computing has become more and more popular recently with remote 

computing and processing for applications and services. Cloud computing will definitely 

change the network. Traditionally, servers are equipped at each corporate branch/campus 

to provide service to the end users on the campus as shown in Figure 53. Most of the 

corporate traffic is within or between the corporate branches. In this case, it is possible to 

connect remote campuses using dedicated leased lines.  
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Figure 53 Traditional network topology.  

 
Figure 54 Cloud computing with separation switching connections.    

Currently, corporations are migrating to cloud-based services as applications and 

services are provided from the cloud remotely as shown in Figure 54. Different 

applications and services provided by the cloud may be distributed to multiple locations. 

The problem is that different applications and services are provided from the 

geographically distributed cloud service locations and the local users have to 
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Figure 55 Multimode switching router supporting cloud computing.  

communicate with each of cloud service providers individually to fetch the requested 

services. Unfortunately, it is not feasible to build a fully connected network from every 

end branch/campus to all demanded remote cloud locations. Furthermore, different 

applications and services generate heterogeneous traffic data which may have different 

QoS requirement. In fact, the conventional way of building individual switching 

connection for each campus and service location is no longer practical due to the large 

amount of connections to be maintained. Furthermore, maintaining all such switching 

connections is not efficient since some connections will be idle when the services are not 

in use.   

The multimode switching router discussed in this dissertation is a candidate service 

platform for supporting cloud computing to accommodate heterogeneous traffic. Instead 

of building separate connections between the local users and the remote computing 
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infrastructures, multimode switching router can dynamically reconfigure connections 

with desired switching modes. As shown in Figure 55, the multimode router can support 

multiple cloud services concurrently by performing different switching modes to serve 

the traffic flows. In addition, multimode router can be reconfigured into a different 

switching mode to support new application requests. For example, the multimode router 

can setup a connection for the cloud service for a given time duration based on the 

request to meet all the QoS requirements. When there is a new application request, a new 

connection will be setup. In this way, the multimode router acts as a unified service 

platform to support all the cloud computing data transmissions with cost effective 

resource sharing and flexibility. 
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Chapter 7 Conclusion 

The Internet today is dominated by more and more multimedia applications such as 

HD videos, VoIP, and online gaming. All of those applications have driven the bandwidth 

demand. Dense Wavelength Division Multiplexing (DWDM) enables hundreds of 

wavelength channels to be transmitted within one physical optical fiber with rates at 

100Gbps per channel and beyond. This is the most promising solution to build the next 

generation networks. However, the all-optical packet switching DWDM network is not 

practical due to the limitations on optical technologies. On the other hand, new services 

such as cloud computing produce heterogeneous data traffic, which has different QoS 

requirements for different types of applications. In this dissertation, a reconfigurable 

multimode switching router has been presented as a service platform to support the next 

generation networks. The reconfigurable multimode switching router can perform 

electronic packet switching, optical circuit switching and optical burst switching 

concurrently with dynamic reconfiguration capability. 

A multi-dimensional mathematical model has been developed for the multimode 

switching router to analysis the blocking probability with full wavelength conversion and 

partial wavelength conversion. The proposed model provides an efficient way to evaluate 

performance of the multimode under various traffic scenarios, and gives insights in traffic 

sharing in the multimode router. 

In order to enable packet level traffic management in optical networks, a packetized 

DWDM network has been proposed to provide better QoS guarantee. A dynamic 

resource allocation scheme has been developed to assign bandwidth to different flows 
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with absolute end-to-end delay guarantee. More specifically, a packetized traffic 

scheduler has been designed to perform dynamic bandwidth allocation with worst-case 

delay guarantees. Results have shown the efficiency of the proposed QoS provisioning 

method to assign appropriate amounts of bandwidth to the traffic to meet QoS 

requirements. 

An Open Channel switching network has been proposed to improve the QoS 

support via establishing multi-hop lightpath to reduce delay and traffic loss. Open 

channels can be established dynamically based on requests and real-time traffic 

conditions. A dynamic online routing scheme has been applied to create the open channel 

using the traffic information at each hop. Numerical results have demonstrated the 

efficiency of the proposed open channel approach. 

The state-of-the-art research and commercial network architectures have been 

evaluated. The reconfigurable multimode switching router has been positioned as a 

promising service platform to support new network paradigms and services. 
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