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Abstract  

 
Next-Generation Ring Based Self Healing WDM-PON Architecture 

with Private Networking Capability and Wavelength Sharing 

 

By  

 Hasan Erkan 

 

  

Adviser: Professor M.A. Ali  

 

There is little argument that today’s subscriber access network faces many challenges, 

and remains a bottleneck in terms of the bandwidth and quality of service it affords to the 

end-users. While existing broadband access solutions have increased capacity to a few 

Mb/s for a cable modem or digital subscriber line (DSL) connection, this is still far short 

of the gigabit line speed necessary to support the evolving rich multimedia and real-time 

services. 

 

Recent advancements are prompting carriers around the world to consider PON-based 

Fiber-To-The-Home (FTTH) systems as possible successor to current solutions.  FTTH is 

the ultimate level of access, allowing end users to access the backbone networks through 
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the gigabit capacity of a fiber optic cable.  Among the various PON-based FTTH 

solutions, single channel Time-Division Multiplexed PON (TDM-PON) and multi-

channel Wavelength-Division Multiplexed PON (WDM-PON) architectures are the two 

most viable candidates. WDM-PON has been positioned as a possible successor and 

upgrade to TDM-PON-based FTTH implementations.  

 

The transition to FTTH raises a whole range of technical hurdles and complex questions. 

It is the purpose of this thesis to explore and address some of these challenges and 

questions, and in the process to capitalize on the key findings to devise a novel, simple 

and cost effective local access C/WDM-PON-based FTTH architecture that addresses the 

many challenges on the horizon. The salient features of the proposed architecture is that 

not only does it addresses the key limitations of today’s existing access infrastructure; but 

also supports most of the crucial features that must be supported by the envisioned next-

generation broadband access networks, including simplicity, flexibility, cost-

effectiveness, dynamic bandwidth allocation and sharing, guaranteed QoS, private 

networking capability, and above all survivability.   

 

Specifically, this work proposes and devises a novel self healing ring-based local access 

C/WDM-PON architecture that efficiently supports dynamic allocation of wavelengths/ 

timeslots and sharing traffic as well as truly direct private connections among PON end 

users. The proposed architecture combines the salient features of both traditional static 

WDM-PON (i.e., dedicated connectivity to all subscribers with bit rate and protocol 

transparencies, guaranteed QoS, and increased security) and dynamic WDM-PON (i.e., 
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efficiently utilizing network resources via dynamic wavelength allocation/sharing among 

end users).  
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Chapter 1 

 

Introduction 

 

1.1.  Overview 

There is little argument that today’s subscriber access network, shown in figure 1.1, faces 

many challenges, and remains a bottleneck in terms of the bandwidth and quality of 

service it affords to the end-users. The change in the fundamental character of access 

networks traffic, as demonstrated by the current shift from voice and text-based services 

to a bundle of bandwidth hungry converged services that include IPTV, VOIP, gaming, 

video streaming, and peer-to-peer applications, is further highlighting the gravity of this 

problem. This has thus seriously impeded the growth of truly broadband services and 

applications. Once the bandwidth and quality barrier of today’s access networks is 

removed, new and unforeseen applications will emerge and attain widespread popularity.  

 

While existing broadband access solutions have increased capacity from the range of 56 

kb/s for a dial-up modem to a few Mb/s for a cable modem or digital subscriber line 

(DSL) connection, this is still far short of the gigabit line speed necessary to support the 
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evolving rich multimedia and real-time services. There is a growing perception that 

copper access networks will soon no longer be able to meet the ever-growing consumer 

demand for bandwidth. This, along with a combination of regulatory and competitive 

forces, as well as recent rapid advances and standardizations of Passive Optical Network 

(PON) technology [1-5], are finally prompting carriers around the world to consider 

PON-based Fiber-To-The-Home (FTTH) systems as possible successor to current 

copper-based access solutions.  FTTH is the ultimate level of access, allowing end users 

to access the backbone networks through the gigabit capacity of a fiber optic cable.   

 

 

Figure 1.1 Access Network Bottleneck 

 

A PON connects a group of Optical Network Units (ONUs) located at the subscriber 

premises to an Optical Line Terminal (OLT) located at the service provider’s facility. It 

consists of a single, shared optical fiber (trunk) connecting an OLT to a passive star 

coupler (SC), which splits the downstream signal to multiple ONUs over dedicated short 

optical fiber. Traffic from an OLT to an ONU is called “downstream” (point-to-
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multipoint), and traffic from an ONU to OLT is called ‘upstream’ (multipoint-to-point).  

Among the various PON-based FTTH solutions, single channel Time-Division 

Multiplexed PON (TDM-PON) and multi-channel Wavelength-Division Multiplexed 

PON (WDM-PON) architectures are the two most viable candidates.  

 

Due to their reduced operational and equipment costs, TDM-PONs have been widely 

accepted as a viable technology for the implementations of FTTH solutions, and are 

being deployed in the field in several places around the world. TDM-PON-based FTTH 

access solutions including broadband PON (BPON), gigabit PON (GPON), and Ethernet 

PON (EPON) are finally emerging into the mainstream and are set to revolutionize the 

access infrastructure worldwide. It is widely anticipated that, over the next decade, 

copper access networks worldwide will be largely replaced by fiber access networks, 

marking the beginnings of a new era of a mass migration to PON-based FTTH solutions.  

 

1.2. Thesis Motivation 

TDM-PON supports a single wavelength channel in the downstream direction (OLT to 

ONUs) and another wavelength in the upstream direction (ONUs to OLT). Current TDM-

PONs including BPON, GPON, and EPON provide higher bandwidth than traditional 

copper-based access network solutions and seem to offer a satisfactory solution for 

present bandwidth demands. However, since all users attached to a TDM-PON share a 

single transmission channel, the average dedicated bandwidth assigned to each user in 

either direction is usually limited to a few percent of the channel capacity, i.e., a few tens 

of Mb/s.  But as the number of end users attached to a given access network grows each 
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year, and as their usage patterns evolve to include more bandwidth-intensive applications, 

there emerges an acute need for future broadband access solutions that can upgrade 

current TDM-PONs and provide each user with at least a 100 Mb/s, symmetric, and 

guaranteed bandwidth [5].        

 

WDM-PONs are emerging as the most promising next-generation access solution that 

can provide evolutionary upgrade to existing TDM-PONs.  WDM-PON has been 

positioned as a possible successor to TDM-PON-based FTTH implementations. Though 

technically feasible, compared to TDM-PON, it is still considered too expensive for 

widespread residential deployment. However, as we argue in this work, this is only true 

for low-bandwidth applications, where utilizing TDM-PON might be a little less 

expensive, but as bandwidth demand increases, the economics change.  “In terms of cost 

per bit rate,” WDM-PON is more efficient and economical.” To date, Korea Telecom 

(KT) has been the most aggressive proponent of WDM-PON, investing $3 million in a 

WDM-PON-based FTTH deployment in Gwangju.  

 

Traditional WDM-PON systems allocate a separate pair of dedicated upstream and 

downstream wavelength channels to each subscriber, enabling the delivery of a 

symmetric 100 Mb/s or more of dedicated bandwidth per subscriber/ONU in each 

direction.  In contrast to traditional TDM-PON architectures, WDM-PON has a unique 

ability to support any future bandwidth upgrade without altering the physical 

infrastructure. In addition to its operational simplicity, WDM-PONs provide dedicated 

point-to-point optical connectivity to each subscriber with bit rate and protocol 
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transparencies (can support the transmission of any service or service mix, including 

Gigabit Ethernet, ESCON, FICON, Fiber Channel, OC-N, ATM, and FDDI, at any bit 

rate), guaranteed QoS, and increased security.  

 

Despite these numerous crucial advantages, traditional WDM-PON architectures suffer 

from several limitations including inability to efficiently utilize network resources and to 

cope with the dynamic and bursty traffic patterns of the emerging integrated triple pay 

services [5-6]. This limitation is more pronounced under non-uniform network traffic 

loads scenario, i. e., when some subscriber’s wavelength channels, for a given interval, 

are heavily loaded while others are underutilized or are totally idle. In this case, the 

unused dedicated channel capacities of those lightly loaded/idle subscribers cannot be 

shared by any of the other heavily loaded users attached to the PON, leading to the waste 

of scarce network resources. Note that this traffic scenario is the norm in most real 

practical networks traffic, particularly when a significant fraction of these networks 

traffic is dynamic and bursty (fluctuates significantly with time). In other words, this 

limitation would have more significant impact on the performance of the envisioned next 

generation broadband access networks, since  the dominant traffic of these networks 

(triple play services) is dynamic and bursty.  Therefore, it is essential that future WDM-

PON architectures must support dynamic bandwidth allocation (DBA) and sharing.  

 

To address this problem, several WDM-PON architectures and protocols that 

dynamically manage and allocate bandwidth in both time and wavelength dimensions 

have been proposed recently [6-11]. Most of these schemes, however, are costly and 
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assume complex OLT and ONUs setups, which require tunable, or array of fixed 

transceivers, or both, WDM filters, and wavelength-band-selective receivers. 

Furthermore, schemes that support dynamic wavelength sharing [6-7], where additional 

wavelength channels are added to accommodate the fraction of bursty downstream traffic 

that may exceed the user’s dedicated downstream wavelength channel rate, are still 

falling short of addressing the fundamental problem of the inefficient utilization of 

network resources. This is because the unused capacities of those lightly loaded/idle 

dedicated downstream wavelength channels are still being wasted. 

 

In addition, TDM/WDM-PON architectures are traditionally deployed as tree topologies, 

which provide added flexibility and simplicity in the deployment of access networks. 

However, tree-based topologies have several inherent limitations including:  

1. Inability to support a truly shared Local Area Network (LAN) capability among 

end users.  

2. Lack of a simple and cost-effective protection and/or restoration capabilities, 

specifically against failures in the distribution network for both TDM and WDM-

PONs.  ITU-T G.983.1 recommended four possible TDM-PONS protection 

schemes, which duplicate fibers and equipment at the ONUs and OLT [6]. There 

are no available WDM-PON Standards yet. However, applying these redundant 

protection schemes to WDM-PONS would be cost prohibitive.   

3. To date, mainstream PON DBA and protection schemes have been centralized– 

relying on a component at the distant OLT to arbitrate upstream transmission and 

to detect and recover distribution and trunk fiber breaks [1-6, 8-11]. In addition to 
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the typical “single-point of failure” problem (failure of OLT software will bring 

down the whole access network), the centralized processes of upstream bandwidth 

allocation as well as detecting and restoring distribution fiber breaks at the distant 

OLT are lengthy and complex processes and require many changes at each ONU 

[7].   

 

Deploying point-to-point customer communication links to emulate a shared local area 

network (LAN) within a single PON infrastructure is an important feature for providing a 

private networking capability, which has recently received some attention [12-16]. In 

general, standard upper layer shared LAN emulation techniques require the use of 

bridges/routers at the OLT to redirect data frames back to the ONUs. These techniques 

are effective but increase the cost and complexity of the network and reduce both 

available downstream and upstream transmission bandwidth. Several physical layer LAN 

emulation techniques have been proposed to achieve intercommunication among ONUs, 

but only within the context of TDM-PONs [12-14].   

 

Most recently, fewer schemes have been proposed to achieve intercommunication among 

the ONUs within a WDM-PON infrastructure [15-16]. In addition to the added cost and 

complexity, most of these schemes, however, suffer from poor scalability due to high 

splitting losses as the redirected LAN signals traverse through the star coupler/AWG 

once or twice, resulting in lower power budget that limits the number of ONUs that can 

be attached to a single PON.  In general, achieving intercommunication among 
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subscribers within a tree-based WDM-PON setup is a lengthy and complex process that 

requires much more resources than those needed for a TDM-PON.   

 

On the other hand, typical protection scenario adopted for WDM-PONs utilize duplicated 

network resources such as fiber links and/or equipment at the ONUs, along with 

automatic protection switching (APS) to reroute the affected data traffic into those 

alternate predetermined protection paths. Several survivable WDM-PON architectures [5-

10] including a group protection scheme [5-7] and an alternate path switching scheme [9] 

have been proposed to protect against both the feeder and distribution fibers.  In most of 

these schemes, the periodic and cyclic properties of arrayed waveguide gratings (AWGs) 

are used to enable each distribution fiber to carry data traffic for more than one ONU [5-

7]. The underlying strategy is to inter-connect two adjacent ONUs [5-7] or RNs [8] by a 

piece or a pair of fiber such that the affected bi-directional traffic could be re-routed via 

the adjacent ONU or RN.   

 

The work in [9] re-routes the data traffic to the affected ONU by utilizing a second AWG 

at the RN along with a second distribution fiber that inter-connects the second AWG with 

the affected ONU. Protection switches are incorporated in either each ONU [5-8] or in 

each transceiver located at the OLT [9]. These schemes are all centralized, complex, and 

can significantly alter the cost-effectiveness of PONs since they require many redundant 

components (multiple AWGs, red/blue passband filters, optical switches, optical 

isolators, Erbium-doped fiber amplifiers (EDFAs) at the OLT, and many spare fiber 

connections to each ONU) as well as wavelength assignment schemes.  
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Though these numerous aforementioned WDM-PON architectures [5-16] have tackled 

the limitations of traditional WDM-PONs, however, each of these proposed architectures 

has only addressed just a single limitation.  All of these architectures apply point-

solutions and work-arounds to the existing traditional WDM-PON. The fact remains that 

these point-solutions, which incrementally applied to the traditional WDM-PONs result 

in increased cost and complexity. The end result is that although these architectures are 

technically feasible, they are still considered too complex and expensive for widespread 

near-term deployment of WDM-PONs.  Event if these WDM-PON architectures were to 

take hold in the future, it is likely to be a rather distant future. For WDM-PON-based 

FTTH solutions to evolve as the envisioned next generation broadband access networks, 

at a minimum, they must support all of the features offered by existing TDM-PONs, 

including simplicity, flexibility, cost-effectiveness, dynamic bandwidth allocation, and 

private networking capability. 

 

 

1.3. Thesis Statement 

The transition to FTTH raises a whole range of technical hurdles and complex questions. 

It is the purpose of this thesis to explore and address some of these challenges and 

questions, and in the process to capitalize on the key findings to devise a novel, simple 

and cost effective local access C/WDM-PON-based FTTH architecture that addresses the 

many challenges on the horizon. The proposed architecture builds upon a new direction 

to the design and implementation of next generation broadband access networks, and so 
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is likely disruptive. The salient features of the proposed architecture is that not only does 

it addresses the key limitations of today’s existing access infrastructure; but also supports 

most of the crucial features that must be supported by the envisioned next-generation 

broadband access networks, including simplicity, flexibility, cost-effectiveness, dynamic 

bandwidth allocation and sharing, guaranteed QoS, private networking capability, and 

above all survivability.   

 

Some of the challenging questions as well as the key debates in the FTTH market that 

this work will address are: (1) Can the high cost of FTTH deployment really be justified? 

(2) Which architectures and technologies best meet requirements? (3) Whether future 

FTTH will be dominated by TDM-PONS or WDM-PONS? And whether it will be built 

on open-access principles – available on a wholesale basis to all service providers – or as 

a closed network, with access restricted to or controlled by the builder. 

This work examines the technological requirements and assesses the performance 

analysis and feasibility for implementing a novel WDM-PON-based FTTH broadband 

access architecture that addresses the key limitations of conventional tree-based PON 

architectures including: a) providing a simple and cost-effective fully distributed/hybrid  

resilience capabilities against most types of networking failures; b) supporting private 

networking capability as well as dynamic allocation and sharing of network resources. 

Specifically, this work proposes and devises a novel self healing ring-based local access 

C/WDM-PON architecture that efficiently supports dynamic allocation of wavelengths/ 

timeslots and sharing traffic as well as truly direct private connections among PON end 

users. The proposed architecture combines the salient features of both traditional static 
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WDM-PON (i.e., dedicated connectivity to all subscribers with bit rate and protocol 

transparencies, guaranteed QoS, and increased security) and dynamic WDM-PON (i.e., 

efficiently utilizing network resources via dynamic wavelength allocation/sharing among 

end users).  

Unlike a typical WDM metro-access ring network, where the feeder fiber of a PON is 

replaced with a metro fiber ring that interconnects the hub and access nodes, the proposed 

architecture interconnects WDM ONUs via a short distribution fiber ring in the local loop 

but allows them to share the feeder fiber for long reach connectivity to the OLT. This 

architecture is well suited for an autonomous access environment such as a private 

financial enterprise where supporting secure, reliable, and direct intercommunications 

among end users is required and where several high-end users are closely dispersed 

within a 1-10 km diameter area.  

 

To achieve our overall objectives, this work will be divided into four main phases.  In the 

first phase, the basic building blocks, components and sub-systems required to build both 

the normal and survivable states of the propose FTTH access architecture, along with 

their associated functionalities, pros and cons, as well as their impact on the overall 

system performance are analyzed and presented.  Specifically, a detailed analysis of the 

performance impact of both downstream and upstream power budgets along with their 

impact on the overall performance and scalability of the proposed architecture is 

presented. 
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In the second phase, a fully distributed control plane, which achieves intercommunication 

among the ONUs is devised and presented.  The control plane is shown capable of 

supporting fully distributed as well as hybrid (distributed/centralized) fault detection and 

recovery schemes. Supported by the distributed control plane, we develop a decentralized 

LAN DBA scheme that dynamically allocate network resources among end users fairly 

and efficiently, in which the OLT is excluded from both bandwidth arbitration and fault 

detection/recovery processes.   

  

In the third phase, a resource allocation scheme that efficiently supports dynamic 

allocation of both wavelengths and timeslots and sharing traffic among PON end-users is 

developed. Specifically, we develop an OLT-based shared wavelength/timeslots 

assignment and scheduling (SWS) algorithm that dynamically allocate network resources 

among end users fairly and efficiently. To achieve this objective, overall network 

resources, including downstream, upstream, and LAN wavelength channels, are load-

balanced and efficiently utilized via traffic-engineered routing of subscriber’s traffic. The 

algorithm is QoS-aware via assigning dedicated wavelength channels for higher priority 

traffic (e. g., voice and video) and limiting dynamic wavelength assignment and sharing 

to best-efforts traffic only. 

 

Finally, the fourth phase presents and devises fully distributed as well as hybrid 

(distributed/centralized) cost-effective and efficient fault detection and recovery schemes. 

The performance as well as the pros and cons of each scheme are compared with each 

other and with those of traditional centralized APS protection schemes.  The proposed 
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protection schemes are capable of protecting against both node and distribution/trunk 

fiber failures. These schemes enable the restoration of all network traffic including 

upstream, downstream, and LAN data. In addition, these schemes can also protect against 

any combination of concurrent double failures including trunk/distribution fiber breaks 

and node failures.  

 

Furthermore, the recovery time associated with any and all different distribution 

network/trunk failures is still within the delay-bound limit required for delivering 

guaranteed triple play services. In addition to the added flexibility and reliability of a 

distributed scheme, the proposed architecture eliminates the OLT's centralized task of 

failure detection and subsequent recovery scenarios as well as the task of processing 

requests and generating grants (GATE messages) for bandwidth allocations. This reduces 

the additional processing complexities and delays at the OLT.   

 

It is  shown that the proposed distributed solutions can overcome the problems associated 

with current centralized ones, and in the process prove that these distributed networking 

architectures and the associated fault detection and recovery schemes as well as 

bandwidth allocation algorithms and protocols have characteristics that make them far 

better suited for supporting cost effective resilience capabilities and for provisioning  

QoS schemes necessary for properly handling data, voice, video, and other real-time 

streaming advanced multimedia services over a single line. 
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1.4. Organization of Thesis  

Organizational outline of the thesis is as follows: 

 

Chapter 2 describes the history of access solutions. The transition from cable modem 

(CM) and digital subscriber line (DSL) to standard single channel PON systems and 

eventually to WDM-PON system is discussed. Finally an overview of WDM-PON 

systems is given. 

 

Chapter 3 investigates the viability of implementing fully distributed control plane 

architecture for EPON system. The details of distributed architecture along with its 

operational principles are described. In the proposed distributed architecture, ONU 

intercommunication is achieved without OLT intervention (OLT is relieved from that 

burden). Our setup shows that with a 1dBm transmitted power/ONU along with –38 dBm 

measured receiver sensitivity; a power budget of 39 dB is adequate to support 32 ONUs. 

This number could be further increased with higher transmitter power and receiver 

sensitivity.  

 

Chapter 4 proposes a cost effective open access CWDM PON scheme. Government 

regulations in many countries have mandated a clear demarcation between the network 

operators who provide physical connectivity and transport data (e.g., telephone and cable 

companies), and the service providers (SPs) who deliver the content and the services 
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(e.g., Internet SPs). The primary motivation is to have free market competition between 

SPs, thereby making services cheap and available to end users; and also preventing 

monopoly by the network operator who owns the right-of-way to lay cable/fiber in a 

residential area. Such a framework is known as open access. We believe open access is 

achieved best with the proposed CWDM-PON architecture since network operators 

assigns a set of wavelengths to each SPs. Since each SP operates on different set of 

wavelengths, their services are transparent to each other.  

 

Chapter 5 proposes a simple and cost effective Ring-Based Local Access C/DWDM-

PON Architecture which supports shared LAN capability among end-users. 

 

Chapter 6 discusses the importance of survivability of ring-based WDM-PON 

architecture. Two scheme (hybrid and distributed) is proposed for the proposed WDM-

PON Ring architecture. An APS protection scheme is introduced. A comparative analysis 

between two schemes is investigated.  

 

Chapter 7 gives concluding remarks and future challenges in this work. 
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Chapter 2 
 
 
 Overview of Access Solutions 

 

2.1 Legacy Access Technologies (Cable Modem and Digital 

Subscriber Line) 

 

Until recently, two of the most popular technologies that offer speedy access to the World 

Wide Web have been Digital Subscriber Line (DSL) and the cable modem. There are 

several reasons why this is the case and the most important one is that both of these 

internet connections are considerably faster than the standard dialup connections 

 

A cable modem is an external device that allows one’s computer to connect to the 

Internet through a cable TV wire (coaxial cable), instead of a telephone line (twisted 

twisted-pair copper). On the operator side (Head-End.), user’s cable is terminated by 

Cable Modem Termination System (CMTS) at the Cable TV head end.   

 

Due to high loss at the coaxial cable, in practical applications, electrical amplifiers are 

used every 100 to 200 m with gains of about 20 dB. The number of amplifiers is limited 

by the required signal-to-noise ratio (SNR) to deliver an acceptable quality video signal. 

 

http://www.tech-faq.com/dsl-vs-cable-modem.shtml
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This places practical limits on the transmission distance using only coax cable. To 

overcome this limitation, single-mode fiber is used to feed the broadcast analog-video 

signals (50–100 channels) to a fiber node (FN). They are then converted to electrical-

video signals for transmission along multiple-coaxial cables. These final transmission 

links use periodically amplified coax-cable networks that typically consist of tree-and-

branch architectures [1]. This combination of fiber and coax cables is called a hybrid 

fiber-coax (HFC) network. Each FN typically covers a “cell” of about 500–1000 homes. 

However, since 500–1000 subscribers share the bandwidth within a cell, the guaranteed 

bandwidth per subscriber is only 2.8–5.6 Mb/s for the downstream signal and 0.15–0.3 

Mb/s for the upstream signal. HFC architecture is also known as FTTN/Cab fiber to the 

node/cabinet) architecture, due to utilization of optical fiber between Cable TV head-end 

and FN. 

 

Figure 2.1: CATV architecture 
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The most widely deployed transmission media in access networks are twisted-pair copper 

cables that have been used for telephone lines for more than 100 years.  

   

DSL uses the same twisted pair as telephone lines and requires a DSL modem at the 

customer premises and Digital Subscriber Line Access Multiplexer (DSLAM) in the 

central office (CO). The most common DSL technology is Asymmetric Digital 

Subscriber Line (ADSL). In ADSL, the overall downstream rate depends on, the distance 

covered, the size of the wire, and interference. The main drawback of DSL systems is the 

limited transmission distances.  DSL have the maximum distance limitation of 18000 feet 

(~5.5km). A figure of merit for the bit-rate-times-distance product of twisted-pair copper 

cable is about 10 Mb/s · km. This means that a 100-Mb/s signal can be transmitted only 

over a distance of about 100 m, which greatly limits its use in high-speed access 

networks. 

  

 

Figure 2.2: ADSL architecture 
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Very High-speed DSL (VDSL) is proposed as an evolutionary upgrade to ADSL. VDSL 

requires the utilization of fiber between CO and street cabinet and twisted copper from 

street cabinet to the homes. VDSL, like its predecessor ADSL, is also distance limited 

technology where copper length should not exceed 300m to achieve promised data rate 

(52 Mbit/s downstream and 6.4 Mbit/s upstream).  VDSL architecture is also known as 

FTTC (Fiber to the curb) architecture since optical fiber is used between CO and street 

cabinets. 

 

Even though both DSL and Cable Modem (CM) technologies offer some improvement, 

but they still do not provide enough bandwidth for emerging integrated triple play 

services and applications such as Video-On-Demand (VoD), telemedicine or two-way 

video conferencing. 

 

2.2 FTTx Solutions on the Access Network 

Optical fibers are penetrating deeper into the first mile. The most promising solution to 

the first mile bottleneck is to bring the fiber all the way to the doorstep of the customers. 

This solution is called as Fiber-to-the-home/premise (FTTH/P) or Fiber to the Building 

(FTTB). Through FTTH/P, the backbone capacity (Gb/s or even Tb/s) is carried all the 

way to the customer premises/home solving the access bottleneck problem once and for 

all.  Other variations of FTTx are fiber to the node (FTTN) and fiber to-the-curb (FTTC).  

Since FTTN and FTTC require usage of metallic cables at the local loop, these two 
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technologies are not viewed as the viable solution for the first mile bottleneck problem. 

Schematic diagram for all FTTx technologies is given in Figure 2.3.  

 

Central Office  
(CO) 

 Optical  
Fiber 

 
 Electrical 
Cables 

 

 
 >1000 ft.(300m) 
 

 
 <1000 ft.(300m) 
 

 

Figure 2.3. A schematic diagram of FTTX architectures  

 

2.2.1 FTTH Deployment Scenarios 

Potential FTTH deployment scenarios are given in figure 2.4. Since access networks 

mainly targets residential users as potential customers, to be commercially viable, they 

have to be cost effective and simple. As an illustrative example of 32 end-users, Point-to-

Point (PtP) solution requires 32 fibers and 64 transceivers. The huge fiber deployment 

comes with the labor cost which makes this solution expensive for near term deployment. 

Second solution is called Curb-Switched FTTH or Active Optical Network.  

 



 21

 

Figure 2.4 FTTH architectures  
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Telecommunications companies are rather hesitant when it comes to applying active 

equipment in the local distribution network. It is intrinsically more error-prone, more 

sensitive to changes in temperature and sensitive to radio interference. An especially 

important factor is that active equipment introduces the additional risk of down time due 

to local power failures. Additionally, AON networks comprise complex and expensive 

active devices such as Add-Drop Multiplexers (ADMs), Digital Cross Connects (DCS), 

Regenerators (repeaters), etc.   These networks bring unlimited bandwidth to support 

large number of users over a vast area. The complexity and cost of AON is feasible in 

MAN, where numerous users share the expense. Compared to MANs, subscriber access 

networks serve a relatively small number of users within short distance, requiring much 

less bandwidth. Therefore, access network is very cost sensitive. Due to the mentioned 

technical complexity and higher cost of AON, current FTTH systems are not 

commercially viable; thus have prevented the deployment.  

 

Third scenario for FTTH deployment is called as Point to Multi Point (PtMP) FTTH or 

Passive Optical Network (PON). This solution is not only most simple but also most cost 

effective scenario among proposed three different scenarios. Passive Optical Network 

(PON) eliminates active electronic component of AON, such as amplifiers, regenerators, 

from the outside plants and replace them with passive, inexpensive, long lasting, easy to 

maintain optical splitters & couplers.  Following section gives detailed explanation about 

PONs. 
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2.3 Passive Optical Networks (PONs) 

A Passive Optical Network (PON) is a group of technologies originally created by the 

Full Service Access Network (FSAN) working group and now standards of ITU-T and 

IEEE, allowing fiber to reach all the way to the customer premises (FTTP). A PON 

consists of a central office node Optical Line Termination (OLT) at the service providers’ 

office and a number of Optical Network Units (ONUs) near end users, and the fibers and 

splitters between them, called the optical distribution network (ODN). The OLT provides 

the interface between the PON and the backbone network, while the ONT provides the 

service interface to the end user. PON is a converged infrastructure that can carry triple 

play services over the PON fiber. 

 

PON does not have any active elements in the signal’s path from central office to the 

customer-premises equipment. Unlike previous architectures, where fiber is used as a 

feeder to shorten the lengths of copper and coaxial networks, PON deployments use 

optical fiber throughout the access network, reaching all the way to customer premises.  

PON technologies are capable of supporting gigabit per second (Gbps) speeds, at costs 

comparable to those of current solutions.  Three proposed PON deployment scenarios are 

tree architecture, bus architecture and ring architecture. These architectures are shown in 

the following figure. 
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   (a)  Tree  

 

 

 

 

 

    (b)  Bus  

 

 

 

 

 

(c) Ring 

 

 

 

Figure 2.5 PON architectures  
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2.3.1 PON Technologies 

The major PON technologies under consideration by service providers as the basis for the 

FTTH deployments are: Broadband PON (BPON), Ethernet PON (EPON), and Gigabit 

PON (GPON) [2-11]. Transmission standards utilized in PON networks are based on 

ATM and Ethernet technologies. BPON standards are specified in ITU G.983, EPON 

standards are specified in IEEE 802.3ah, and GPON standards are specified in ITU 

G.984. 

 

Earlier PON deployments utilized ATM PON (APON), are evolved into broadband PON 

(BPON).  The A/BPON protocol is characterized by having two downstream wavelengths 

and one upstream wavelength. The 1550 nanometer (nm) and 1490 nm wavelengths are 

used for downstream traffic, with the 1490nm channel typically an IP channel for voice 

and data service. The 1550nm channel will be used for a radio frequency (RF) or IP video 

overlay. Providing 622 Mbps shared electronics are able to dynamically provide 20 to 30 

Mbps per subscriber. Time division multiple access (TDMA), recommended by FSAN, is 

used for all down/upstream traffic.  

 

An alternative to A/BPON networks is Ethernet PON (EPON). EPON only uses two 

wavelengths and exclusively uses IP. The 1550 nm wavelength is used for downstream 

traffic, and the 1310 nm wavelength is used for upstream traffic. Capable of 1.25 Gbps in 

shared bandwidth, EPON under "best-effort" conditions provides for 100 Mbps but 

typically provides for bandwidth of 30 to 40 Mbps.  
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Broadband PON has evolved into Gigabit PON (GPON) to address bandwidth and 

protocol limitations. Capable of up to 2.5 Gbps shared bandwidth among 32 users; GPON 

utilizes the same wavelength plan of BPON. It is governed under ITU standard G.984 and 

provides for protocol flexibility across ATM, Ethernet, and TDM platforms. 

  

Ethernet currently accounts for more than 85 percent of all installed connections. As 

opposed to the ATM networks, since Ethernet networks are simple and inexpensive, it 

has become a universally accepted standard, with over 320 million ports deployed 

worldwide [12].   

 

One of the most important factor in analyzing PON solution's overall cost is the 

efficiency factor, providing the overall bandwidth that can be sold as services over the 

system. This bandwidth is called revenue bits. Among the PON solutions, GPON is the 

best choice in terms of revenue bits while EPON is the worst [13].  

 

Table 2.1 provides a complete breakdown of the PON protocols and the respective 

capabilities 
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Features BPON EPON GPON 

Standard Body ITU-T G983 IEEE 803.2ah ITU-T G.984 

Max. Speed (Upstream) 622 Mbps 1.25 Gbps 2.5 Gbps 

Max. Speed (Downstream) 1.25Gbps 1.25 Gbps 2.5 Gbps 

Number of ONTs 16/32/64 16/ 32 16/32/64/128 

Downstream Capacity 520Mb/s(for 622Mb/s) 910Mb/s 1170Mb/s( for 1.244 Gb/s) 

Upstream Capacity 500Mb/s(for 622Mb/s) 760-860 Mb/s 11600Mb/s( for 1.244 Gb/s) 

Payload ATM Ethernet ATM, Ethernet, TDM 

Logical reach (km)  20 20  60* 

Cost  High Low High 

Complexity  High  Low Undetermined 

Network Interfaces ATM, TDM, GE GE ATM, TDM, GE 

Access Interfaces ATM, TDM, 10/100 10/100 ATM, TDM, 10/100 

Downstream λ (nm) 1490 and 1550 1550 1490 and 1550 

Upstream λ (nm) 1310 1310 1310 

Line coding  NRZ (+ scrambling)  8B/10B  NRZ (+ scrambling) 

Downstream Security AES Not defined AES 
 

Table 2.1 PON Protocols 

 

2.3.2 Multiplexing Methods in PON Networks 

All point to multipoint systems requires a media access scheme specifically in upstream 

direction to avoid collision and share the upstream channel [14]. These schemes can be 

generally categorized as time-division multiple access (TDMA), wavelength division 

multiple access (WDMA), subcarrier-division multiple access (SCMA), and code-

division multiple access (CDMA). Due to technological limitations of latter two, the 

former two architectures received more attention and most likely those schemes will see 
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widespread future use. Hence, next two sections discuss TDMA and WDMA 

architectures only. 

 

2.3.2.1 Time-Division Multiple Access (TDMA) 

TDMA is one of the most popular techniques being considered for PON upstream access 

among end users. In this scheme, OLT assigns a dedicated time slot to each of the 

multiple subscribers connected to the PON. Due to sharing, each subscriber can use the 

full upstream bandwidth of the optical link for the duration of its allotted time slot. The 

average dedicated upstream bandwidth for each subscriber is usually only a few percent 

of the channel capacity.   

 

In this scheme, OLT assign time slots to each user to avoid any collisions of the data in 

the upstream direction. ONTs need to negotiate with the OLT of when it can send its 

data. To realize an efficient use of the shared communication channel, the OLT should 

have precise time-delay information to each ONT since they are all at different distances 

from the CO. This information is needed to control the time when each ONT can transmit 

to ensure that no packets overlap when they reach to the remote node (RN). The process 

to identify the actual delay time to each ONT is known as ranging or discovery.  

 

When TDMA is used for upstream access, then the system is called as TDM-PON. TDM-

PON schemes require a burst-mode optical receiver at the OLT and burst mode optical 

transmitter at the ONTs. These OLT receivers can be technically challenging since they 

should have a wide dynamic range for the different incoming burst signals and they 
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require a very short guard time for the clock-synchronization process. In addition, each 

ONT transmitter must be sure to completely shut down after its time slot is over since any 

residual background light will interfere with the upstream data signals from the other 

ONTs. Following figure shows a typical upstream access for a PON scheme. 

 

Figure 2.6 TDM-PON architecture  

 

2.3.2.2 Wavelength-Division Multiple Access (WDMA) 

In WDMA scheme, each subscriber is assigned a pair of dedicated wavelengths which are 

typically used for user’s upstream and downstream traffic transmission. There is no 

interaction or coupling between the subscribers on a WDM-PON. That is why; each user 

can send data to the OLT at any time, independent of other users. This eliminates any 

management issues related to sharing the up-/downstream wavelengths that is typically 

seen in TDM-PON.   

 

In WDM-PON, there are no requirements for burst-mode receivers or transmitters and no 

need for any sophisticate MAC algorithms to manage the timing of the ONT 
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transmissions. This makes the operation of a WDMA network very simple. In addition to 

its operational simplicity, WDM-PON approach provides dedicated point-to-point optical 

connectivity to each subscriber with very high bit rate. Other advantages of WDM-PON 

technologies over TDM-PON are; protocol transparencies among end-users, guaranteed 

QoS for each end-user, and very high security which is typically a big concern for 

broadcast and select systems. 

 

To realize WDMA functionality, WDM multiplexer/demultiplexer (MUX/DEMUX) is 

used at the OLT and RN. To multiplex and de-multiplex separate wavelengths, 

traditionally, a variety of technologies are utilized such as Thin Film Filter (TFF) based 

MUX/DEMUX, Arrayed Waveguide Grating (AWG) based MUX/DEMUX, or Fiber 

Brag Grating based MUX/DEMUX. Especially, when AWG MUX/DEMUX is used the 

insertion loss at the RN is considerably smaller and effectively independent of the 

splitting ratio. Hence, the number of end-user connected to a WDM-PON system is much 

more than TDM-PON systems which are typically limited with power budget due to high 

splitting ratio at RN. 

 

On the other hand, WDMA architectures are still cost prohibitive when compared to 

TDMA systems due to the number of transceivers required is almost double of TDMA 

architectures (2N versus N+1).  Research is underway to find the cost effective solution 

for WDM-PON systems since cost is the key bottleneck in the commercialization of 

WDMA networks. Another potential concern is that the peak data rate to each user in 

both downstream and upstream is equal to their dedicated data rate. In other words, the 
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idle or underutilized wavelength channels both in downstream and upstream cannot be 

shared by congested wavelengths. Considering the bursty nature of the internet traffic, 

this concern is exacerbated. Following figure shows a typical WDM-PON architecture.  

 

Figure 2.7 WDM-PON architecture  

 

 

2.4 Conclusion 

This chapter discusses that due to recent advances in optical networking technology, 

backbone (WAN and MAN) capacity reached to Tb/s speeds. But due to technological 

limitations of current access schemes (xDSL and Cable Modem), this capacity is not 

reachable by the end users. This problem is called last mile bottleneck or access 

bottleneck. To face the challenge of access bottleneck, optical fibers are penetrating 

deeper into the first mile. FTTH is the ultimate level of access, allowing end users to 

access the backbone networks through the gigabit capacity of a fiber optic cable.  Among 

proposed three schemes for FTTH, PON drew the attention of network community as the 

ultimate access solution, due to its efficiency, simplicity, and economical feasibility. 
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PONs are classified into different categories based on the data link layer protocol utilized. 

Those are namely are BPON (APON), EPON, and GPON. PONs can also be categorized 

based on multiplexing technique used in upstream access.  

 

The most promising multiplexing techniques used in PON schemes are TDMA and 

WDMA. If TDMA used in the PON scheme, then the system is called as TDM-PON and 

if WDM used in the PON scheme, then it is called as WDM-PON. WDM PON scheme is 

considered as upgrade version of TDM PON scheme where each subscriber (ONT) is 

assigned a separate pair of dedicated upstream and downstream wavelength channels. In 

addition to its operational simplicity, this approach provides dedicated point-to-point 

optical connectivity to each subscriber with very high bit rate, protocol transparencies, 

guaranteed QoS, and increased security.   
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Chapter 3 
 
On the Viability of Implementing A Fully 

Distributed Control Plane Architecture for EPON 

  

 

3.1 Introduction  

Ethernet-based Passive Optical Network (PON) technology is emerging as a viable 

choice for the next-generation broadband access network [1-8]. A PON is a point-to-

multipoint fiber optical network with no active elements in the signal’s path. It consists of 

a single, shared optical fiber connecting a service provider’s central office (head end) to a 

passive star coupler (SC), which is located near residential customers. Each customer 

receives a dedicated short optical fiber but shares the long distribution trunk fiber. All 

transmissions in a PON are performed between an Optical Line Terminal (OLT) and 

Optical Network Units (ONU’s). Traffic from an OLT to an ONU is called ‘downstream’ 

(point-to-multipoint), and traffic from an ONU to the OLT is called ‘upstream’ 

(multipoint-to-point). Two wavelengths are used: typically 1310 nm (λup) for the 

upstream transmission and 1550 nm (λd) for the downstream transmission.  
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In the downstream direction, an EPON operates as a broadcast and select network. The 

OLT has the entire bandwidth of the channel to broadcast standard formatted 802.3 

Ethernet frames to all ONUs. Each ONU extracts those packets that contain the ONUs 

unique Media Access Control (MAC) address. In the upstream direction, multiple ONUs 

share the transmission channel. Thus, the ONUs need to employ some arbitration 

mechanism to avoid collisions.   

 

The IEEE 802.3ah task force is actively standardizing the control and management 

messages used to control the data exchange between the OLT and the ONUs as well as 

the processing of these messages through the development of Multi-Point Control 

Protocol (MPCP). The protocol relies on two Ethernet control messages (GATE and 

REPORT) in its regular operation. The OLT assigns the Transmission Windows (TWs) 

via the GATE messages. 

 

In general, the OLT arbitrates the upstream transmissions by allocating an appropriate 

timeslot/transmission window to each ONU. An ONU is only allowed to transmit during 

the TW allocated to it by the OLT. Each ONU uses a set of queues to store its Ethernet 

frames and starts transmitting them as soon as its TW starts. Within each cycle, in order 

to inform the OLT about its bandwidth requirements, ONUs use REPORT Messages that 

are also transmitted along with the data in the same TW. The ONU should also account 

for additional overhead when requesting the next time slot; this includes 8 bytes frame 

preamble and 12 bytes Inter-Frame Gap (IFG) between two consecutive frames. Between 

the TW of two ONUs there is a certain guard time “g” needed to account for the laser on 
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and off times, receiver recovery times and other optic related issues. Upon receiving a 

REPORT, the OLT passes the message to a Dynamic Bandwidth Allocation (DBA) 

module, which performs the bandwidth allocation computation.  

 

Several bandwidth allocation schemes have recently been reported in the literature 

ranging for a static allocation to a dynamically adapting scheme based on instantaneous 

queue size in every ONU [5-8].  To date, the mainstream of these EPON bandwidth 

allocation schemes as well as the new IEEE 802.3ah EFM Task Force specifications [2] 

have been centralized–relying on a component in the central office (OLT) to provision 

upstream traffic. Hence, the OLT is the only device that can arbitrate time-division access 

to the shared channel. Since the OLT has global knowledge about the state of the entire 

network, this is a centralized control plane in which the OLT has a centralized 

intelligence.  

 

Recently, we have proposed a novel Ethernet over Star Coupler-based PON architecture 

[9]. The architecture uses a fully distributed collision-free DBA scheme in which the 

OLT is excluded from the implementation of the time slot assignment. It has been shown 

that in addition to the added flexibility and reliability associated with a distributed control 

plane, the performance of the proposed decentralized EPON architecture and the 

associated bandwidth allocation algorithms are as efficient as their centralized 

counterparts [9]. 
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This paper demonstrates the feasibility of implementing such a novel Ethernet over Star 

Coupler-based PON architecture that uses a fully distributed time division multiple 

access arbitration schemes. Specifically, we assess the viability of implementing a 

distributed control plane architecture in which the OLT is excluded from the 

implementation of the time slot assignment.  In addition to reducing the OLT complexity, 

by internetworking among connected users (ONUs), the proposed architecture offers 

efficient shared LAN capability.  

 

To implement a distributed control plane, direct connectivity (communicability) between 

the ONUs should be in place without imposing any constraint on the PON topology. In 

the proposed architecture, the ONUs exchange signaling and control information 

concerning their queue status and their transmission needs amongst themselves. Then, the 

ONUs simultaneously and independently runs instances of the same DBA algorithm 

outputting identical bandwidth allocation results. Once the algorithm is run, the ONUs 

sequentially and orderly transmit their data without any collisions, eliminating the OLT's 

centralized task of processing requests and generating grants for bandwidth assignment.  

 

3.2. The Proposed Distributed Architecture  

Fig. 3.1 shows the general architecture of this approach [9]. As can be seen from Fig. 3.1, 

a portion of the optical signal power transmitted by an upstream transmitter (λup) toward 

the OLT will be redirected back and broadcasted to all ONUs. This can be achieved by 

connecting two ports of a 3xN SC with each other through an optical isolator as shown in 

Fig. 3.1 [10]. Note that in addition to the conventional transceiver maintained at each 
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ONU (a λup transmitter and a λd receiver), this approach requires an extra receiver tuned 

at λup. A baseband direct detection circuit is needed to detect the redirected control 

channel (λup) in order to recover the control update information.  
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Figure 3.1 Proposed Distributed EPON Architecture 
 

 

This architecture assumes a cycle-based upstream link, where a cycle is defined as the 

time that elapses between two executions of the scheduling algorithm.  The cycle size can 

either has fixed, or variable length confined within certain lower and upper bounds to 

accommodate the dynamic upstream traffic conditions. The cycle is divided into three 

periods: a static update period (control plane), a fixed waiting period (processing control 

messages and running the algorithm) and a dynamic transmission period (data plane). 
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The proposed cycle, along with the details of how the control plane performs the 

updating process is shown in Fig. 3.1.a in three phases.  Each ONU transmits its update 

control message in its own assigned fixed time slot (first phase).  These messages are 

then combined at the SC and a multiplexed update message is created (second phase). In 

the third phase, a fraction of the multiplexed control signal is transmitted through the first 

output port of the SC and propagates to the OLT (which could discard it, make use of it 

as a synchronization message, and/or process the control information). Another fraction 

of the multiplexed control signal is redirected back and broadcasted to all ONUs (through 

the isolator). A baseband direct detection circuit located at each ONU is used to detect the 

redirected control channel (λupdate). The detected signal is then processed in order to 

recover the control data information belonging to each of the other (N-1) ONUs. Since 

there are only two operating communication wavelengths (λup and λd), signaling and 

upstream transmission take place on the same communication channel (λup) and the 

periods will appear sequentially as on the top of Fig. 3.2 

 

1. The First Period (Control Plane): The update period is divided into N equal fixed 

time slots where N is the maximum number of users the network is designed to 

accommodate. The update period is used for the ONUs to communicate their status and 

to exchange signaling and control message information with one another. Each ONU uses 

its own fixed time slot within the update period to transmit its control message. For 

simplicity, and to avoid collisions, the assignment of these N timeslots follows a fixed 

Time-Division Multiple Access (TDMA) assignment since control messages are fixed in 

size. 
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Note that the control slots in the proposed distributed scheme are all transmitted 

sequentially in one period (update period). This is in contrast to the centralized schemes 

reported above [3-8], where the control slot (REPORT Message) of each ONU is 

transmitted along with the data in the TW allocated to it by the OLT.  All control update 

messages are transmitted as Ethernet frames. Because the signaling information is 

segregated from the upstream traffic, signaling information can be timelier and complete 

thus increasing the efficiency of the dynamic bandwidth allocation algorithm. These 

enhanced DBA algorithms would have the ability to support better QoS characteristics 

because transmission of the signaling information is not constrained by the shared 

data/control upstream channel associated with the centralized schemes.  

 

2. The Second Period (Algorithm Execution): The second period of fixed length is a 

waiting period (no upstream transmissions are allowed during this period) and is used for 

allowing the ONUs to process the information gathered from the multiplexed control 

message. Each ONU maintains a table with information about the state of the queues at 

each other ONU. This information is updated each cycle whenever the ONU receives a 

new multiplexed control messages from all other ONUs. The DBA algorithm module 

uses the table maintained at each ONU. Note that instances of same DBA algorithms are 

executed simultaneously and independently at each ONU.
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Note that instances of the same DBA algorithm are executed simultaneously and 

independently at each ONU. An execution of the algorithm produces a unique and 

identical set of ONU assignments wi; where wi is the amount of bytes that an ONU is 

allowed to transmit in its TW during the cycle.  It is critical that the algorithm produces a 

unique outcome for any arbitrary set of inputs. In other words, it should not incorporate 

any assumptions or randomness to handle exceptions. This is because several instances of 

it will run locally and independently at each ONU.  

 

3. The Third Period (Data Plane): The third period or (transmission period) is 

essentially a giant slot used for actual upstream data transmission. During the 

transmission period, the ONUs follow exactly the allocation scheme the algorithm 

produced (i.e., their transmissions start at specific times and last for specific bytes) as 

shown in Fig. 3.2 b. Note that the order of ONUs transmission may be different in each 

cycle and need not be fixed. It is rather a function of the ONU’s traffic demand. This is a 

major advantage compared to the fixed transmission order proposed in [8]. 
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Figure 3.2: (a) Cycle updating process (b) Transmission process. 

 

3.3 Experiments and Discussion 

The experimental work presented in this section focuses only on the control plane 

implementation of the proposed. decentralized EPON architecture. Fig 3.3 depicts the 

experimental setup of interconnecting four ONUs through a 2x4 bi-directional coupler.  

Each ONU consists of two sections; a transmitter and a receiver. The upstream 

transmitter section consists of an HP Data Generator that generates programmable 26-1 

PRBS NRZ signal at 625 MHz.  The NRZ signal directly drives a 1310 nm FP laser (λup) 

that has a Rise/Fall time of 0.3 ns. Since control messages are fixed in size, the relative 

timing of the upstream transmitters is programmed to emulate a fixed Time-Division 

Multiple Access (TDMA) assignment. The laser is followed by an isolator, which 
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protects the laser from the reflected signals.  The Receiver section consists of an Agilent 

photodetector front end and an HP Data Analyzer. At each ONU, both transmitter and 

receiver sections are coupled by a 3 port optical isolator whose port # 2 is connected to 

e 4x2 coupler through SMF.  

second output port #2 (as input), 

hich is redirected back and broadcasted to all ONUs.   

 

th

 

Each ONU transmits its update control message in its own assigned fixed time slot. These 

messages are then combined at the SC and a multiplexed control signal is created at 

output port #1 of the 4x2 BDC.  Thus, the control signal output power drops down to 1/N 

of the initial power. This signal is then fed back into the 

w

 
 

Figure 3.3 Experimental Setup of Decentralized EPON Control Plane 
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Thus, the power from a given ONU transmitter backs to the corresponding ONU receiver 

scales as 1/N2. Consequently, the main objective of this experiment is to explore whether 

the SNR of the redirected control signal is still adequate for the ONU receiver to recover 

the control messages. With the experimental setup shown in Fig.3.3, the receiver 

sensitivity (minimum power level of the redirected control signal) to achieve a zero BER 

is measured to be – 38 dBm.  

 

First, we measured the eye diagram of the redirected control signal.  As can be seen from 

Fig.3.4, the eye is wide open with narrow crossover width (low jitter). Thus, the eye 

establishes a good signal quality indicating that the received control signal experiences 

little or no distortion. Second, we compare the performance of the proposed decentralized 

architecture with that of a reference back-to-back configuration. Back-to-back 

configuration is simply composed of a transmitter with its driver board, followed by a 

baseband direct detection receiver and an analyzer. For both back-to-back and 

decentralized configurations, a variable optical attenuator is used to vary the input power 

to the receiver. The figure of merit (Q factor) can be written in terms of the measured 

BER values as [11]: 
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Fig.3.4 Eye Diagram of Received Signal of Decentralized EPON Control Plane 

Fig. 3.5 shows received power versus 20 Log Q for both the decentralized and back-to-

back configurations. As can be seen from the figure, the performance penalty experienced 

with decentralized architecture as compared to that of the reference back-to-back 

configuration is less than 0.6 dB.  This penalty is mostly due to the simultaneous on/off 

light sources performances. 

 

Fig.3.5 20 Log Q vs Received Power 
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The largest number of ONU’s (N) that can be attached to a single PON is limited by the 

optical power budget: there has to be sufficient optical power budget to support the huge 

splitting losses involved in such distributed control plane architecture. With a 1dBm 

transmitted power/ONU used in our experiment along with –38 dBm measured receiver 

sensitivity; a power budget of 39 dB is adequate to support 32 ONUs. This number could 

be further increased with higher transmitter power and receiver sensitivity.  

 

3.4. Conclusion 

We have demonstrated the viability of implementing a novel Ethernet over Star Coupler-

based PON architecture that uses a fully distributed time division multiple access 

arbitration schemes. Specifically, we have assessed the viability and performance of a 

distributed control plane architecture in which the OLT is excluded from the 

implementation of the time slot assignment. It has been shown that the SNR of the 

redirected control signal is still adequate for the ONU receiver to recover the control 

messages. Furthermore, the optical power budget of the proposed decentralized EPON 

architecture is sufficient to support 32 ONUs. 
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Chapter 4 
 
A Novel Open Access CWDM-PON Architecture  

  

 
4.1 Introduction  

PONs enhances the fiber penetration towards the end-user side to carry various higher 

data rate services to residential users. Due to their inherent advantages, e.g., very high 

bandwidth, protocol transparency, cost factor, coarse wavelength division multiplexed 

(CWDM) systems are becoming increasingly important in the access networks. By using 

inexpensive components, e.g., uncooled directly modulated lasers(U-DML), full 

spectrum CWDM systems presently offers up to 18 wavelengths which are spaced 20-nm 

between 1270 nm and 1610 nm over low-water peak fiber. Before CWDM, all the works 

on fiber to the home (FTTH or FTTC, FTTB) stated utilizing of expensive DFB lasers at 

the OLT. But as it is experimentally demonstrated at [1] where bidirectional CWDM 

setup make use of 16 U-DMLs operating over low-water-peak fiber (LWPF), inexpensive 

U-DMLs can replace DFB Lasers in the downstream direction and further reduce the cost 

of CO Optics. 

 

Government regulations in many countries have mandated a clear demarcation between 

the network operators who provide physical connectivity and transport data (e.g., 

telephone and cable companies), and the service providers (SPs) who deliver the content 
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and the services (e.g., Internet SPs). The primary motivation is to have free market 

competition between SPs, thereby making services cheap and available to end users; and 

also preventing monopoly by the network operator who owns the right-of-way to lay 

cable/fiber in a residential area. Such a framework is known as open access. 

 

CWDM-PON utilization on the access networks reveals the fact that residential 

customers who are on the same CWDM-PON access network can be served with 

different data link layer technologies. Having only one data link layer technology causes 

the monopoly of one data link layer at a given access network. Moreover, voice, video 

and data services may be limited by the capability of chosen data link layer technology.  

We believe open access shown in [2] is also achieved best with the proposed CWDM-

PON architecture since network operators assigns a set of wavelengths to each SPs for 

their operations. Note that, since each SP operates on different set of wavelengths, SPs’ 

services are transparent to each other 

 

4.2 Proposed CWDM PON Architecture 

Proposed architecture is shown in Figure 4.1. In the proposed architecture, up to 8 service 

providers (SPs) serve 4 neighborhoods over a single CWDM-PON.   

 

In the proposed configuration, each SP has its own data link layer equipment located at 

the CO and they are assigned a pair of wavelengths (one downstream, one upstream) by 

the network operator for their operations. Proposed architecture provides a lot of 

flexibility to SPs. First, since SPs’ services are transparent to each other they are free to 
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choose any PON technology (i.e., BPON, EPON, GPON) desired. SPs data rates 

provided to their end-users both in up- and downstream direction might be independent 

of each other. In this architecture end-users have service level agreement (SLA) with the 

SP only.  

 

To multiplex and demultiplex different SPs’ wavelengths to the transmission line, a 

CWDM located at the CO. After multiplexed together, combined downstream 

wavelengths are split to four copies where each copy is transmitted to different 

neighborhoods. At each neighborhood, each copy is further split (via 1x8 splitter) to 8 

copies before each copy is demultiplexed by a CWDM which is located at the remote 

node (RN). Location of 1x8 splitter, which could be also a hierarchical set of small size 

splitters can be determined based on the fiber aggregation points so that the amount of 

fiber to be deployed is minimal in the access network.  
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Figure.4.1 CWDM-Based PON Architecture 

 

4.2.1 Power Budget  

Power budget of the proposed CWDM PON architecture is the same as 32-split 

conventional single wavelength PON system except that there is additional loss due to 

two CWDM equipments used in the proposed architecture. Our calculations using 

parameters from commercial devices show enough power margins even for 32:1 split. 

Insertion losses are determined based on the commercial devices [3]. The power losses 

for all components are listed below: 2*CWDM = 2.4 dB; Fiber loss = 0.25dB/km * 20km 

 



 50

= 5dB; Coupler loss = 10dB (for 8:1), 7dB (for 4:1). Including 2 dB margin, total 

insertion loss is around 26.4 dB.  

 

4.3 Dynamic Bandwidth Allocation Algorithms in Downstream 

In this section, aligned with proposed architecture, performance of two dynamic 

bandwidth allocation algorithms are compared in downstream over EPON. The fact that 

well over 95% of all data traffic either originates or terminates as Ethernet traffic that has 

prompted us to select Ethernet as the potential convergence solution for the proposed 

access network. Ethernet Passive Optical Network (EPON) is one of the access solutions 

considered by Ethernet in the First Mile (EFM) Task Force focusing on direct support of 

Ethernet services.  

 

All users are assumed to have same service level agreement with an SP. Thus, to achieve 

fair queuing across different end-users, a fairness algorithm needs to be implemented at 

the OLT. A number of algorithms have been proposed to achieve fair queuing across 

different independent network flows in the literature, e.g., Deficit Round Robin (DRR) 

[4], Weighted Fair Queuing (WFQ) [5], and Fair Queuing with Round Robin [6]. 

Considering the fact that DRR is an important fair queuing algorithm that is used in 

CISCO’s Gigabit Switch Router 12016, we are going to implement DRR for fair queuing 

algorithm at the OLT.  
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4.4 Deficit Round Robin Algorithm (DRR) 

DRR algorithm works in rounds. A round is one complete cycle through all backlogged 

buffers of sending assigned amount of bytes per buffer. Note that the time duration of a 

round (cycle) depends on the number of backlogged buffers. Each buffer is allowed to 

send out packets in the first round no more than Quantum. Quantum is a fixed amount of 

bits. If there are no-more packets in queue “i” after the queue has been serviced a state 

variable called Deficiti is reset to 0. Otherwise the remaining amount is stored in the state 

variable Deficiti. In subsequent rounds, the amount of bandwidth usable by this queue is 

the sum of Deficiti of the previous round and Quantum. To avoid examining empty 

queues, an auxiliary list called ActiveList which is a list of indices of queues that contain 

at least one packet is used. For detailed explanation of DRR readers are referred to the 

[4]. 

 

ITU G.114 recommends that the maximum tolerable delay of voice traffic in an access 

system be 1.5 ms. When implementing DRR, since the low packet processing overhead 

of DRR (O (1)) is achieved when Quantum is bigger than or equal to maximum packet 

size, P [4], the lower limit of Quantum, Q , is set to Pminmax max. Upper limit of Quantum, 

Qmax, is bounded with maximum tolerable delay of voice traffic. 

 

In this work, maximum buffer slot, SMAX, is defined as maximum transferable window 

size for a given user in one round. S  limit is given as follows; MAX

 = Q  + PSMAX max max -1,   i Є1…N 
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Pmax -1 is the maximum deficit that can be left from previous round (cycle) for any buffer. 

Maximum round slot ( ), which is one iteration of processing each buffers that 

utilizes its assigned slot maximally, can be found with the following formula; 

RoundS

=N * SRoundS MAX 

where N is number of downstream buffers at OLT. After setting the upper and lower limit 

of Quantum, we decided to use Quantum value of 2389 bytes for DRR algorithm so that 

the maximum scheduling delay of a packet at a buffer is equal to ~500 microseconds as 

in [2].  

 

4.5 Priority queuing embedded DRR at CWDM PON 

Using DRR at the OLT provides only fairness but not differential treatment to different 

class of service (CoS) traffics. Our goal at this part is to integrate a QoS scheduler to 

DRR module, so that SPs not only provides fairness among different subscribers’ traffic, 

but also provides differential treatment to different CoS traffics within a subscribers’ 

traffic. In this work, all subscribers are assumed to have same SLA with the SPs.  

 

As for QoS algorithm, where the performance of Strict Priority Queuing (SPQ), and Fair 

Non-Strict Priority Queuing (F-NSPQ) is compared when they are both embedded to 

DRR. 

 

The scheduler block diagram is shown in fig.4.2. When a packet enters into the OLT it 

will be first classified based on the destination MAC address. And then it will be further 

classified based on the CoS and put into corresponding queues of the buffer.  
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In one complete cycle (round), DRR scheduler assigns a transmission window called 

Quantum, to each active buffer for its downstream transmission. If there is deficit from 

the previous cycle, then deficit will be added to Quantum and resultant window will be 

called BufferWindow.  BufferWindow is shared among 3 sub-queues (Q , Q  and Q0 1 2) 

based on QoS algorithm implemented. 

 

4.6 DRR integration with Strict Priority Queuing (SPQ) 

Strict Priority Queuing (SPQ) is used as a default scheduling algorithm in IEEE 802.1D-

compliant bridges and switches and is defined in P802.1D. In SPQ, arriving voice packets 

displaces data packets from the tail of data queue if buffer is full without any condition. 

In case buffer is full while there exist no data packets in the buffer then arriving voice 

packets displace video packets, if any. Voice packets will be dropped only if buffer is full 

of voice packets and there is no place for newly arriving voice packets.  When scheduling 

an active buffer which can deliver BufferWindow amount of packets, scheduler first 

delivers all the voice packets. Then the remaining window from BufferWindow, if any, is 

going to be used for scheduling of all video packets and if there is still some window left 

from BufferWindow, it will be used for data sub-queue traffic. After servicing a given 

buffer, if there is still some window left to be used, but all the buffer packets are 

scheduled, then deficit will be reset. But if there is still a packet waiting at one of sub-

queues which’s size more than the window left then that window will be used at the next 

round as deficit. The biggest problem with SPQ algorithm that data packets can wait 
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forever at the data sub-queue at the high load just because BufferWindow might be used 

with all voice and video packets and nothing is left for the data traffic.  

 

4.7 Non-Strict Priority Scheduling (NSPQ) 

 

This algorithm is similar to the one used in [9]. Algorithm starts transmitting all voice 

packets first then video packets and then data packets. After servicing a buffer, algorithm 

keeps record of the total number of packets that are waiting at each sub-queue of the 

buffer. After scheduler completes its round and come back to schedule same buffer again, 

it checks its record to find out the packets from the each sub-queue which are waiting 

from the previous round since they will be transmitted next and subtract total value of all 

these packets from the BufferWindow. After subtracting it, if there is still some window 

left from the BufferWindow that window is going to be used for the packets which came 

between first and second round scheduling time of the same buffer.  Assume a buffer has 

in the record W1vo amount of voice, W1vi amount of video and W1dt amount of data and 

W2vo W2 and W2, vi dt amount of packets came between two scheduling time of the buffer. 

Assume scheduler has enough BufferWindow to schedule all these packets. The order 

will be W1vo+ W2vo, W1vi+ W2vi and W1dt+ W2dt. So every time voice has the highest 

priority while data is the lowest.  But if there is simply not enough windows to transmit 

W2 W2vo, vi and W2dt, then only W1 W1vo, vi and W1dtwill be transmitted. 

Both QoS algorithms introduced above use same OLT Buffer Block Diagram shown in 

Figure 4.2. 
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Figure 4.2 OLT Buffer Block Diagram 

 

4.8 Performance Analysis 

In this work, OLT is connected to 16 ONUs and corresponding to each ONU houses 16 

downstream buffers with 1MByte size each. Each buffer is composed of 3 different sub-

queues to realize QoS for different CoS traffic. Those queues are called as Q  (CBR), Q0 1 

(VBR) and Q2 (Best Effort data, (BE)).  

 

 and QThe traffic used for Q1 2, is self similar traffic with long range dependence with 

variable packet size ranging from 64 byte to 1518 bytes, while for Q0, T1 connection is 

emulated which has the constant rate of 4.48 Mbps as in [7].  In our traffic model, 

downstream traffic (load) is generated as follows; for 0.1 load (100 Mbps), 100 Mbps is 

divided equally between 16 downstream buffers, ~6Mbps. Since at every load each 

downstream buffer receives constantly 4.48 Mbps of Q0 traffic, the remaining traffic (~6-

4.48Mbps) is distributed equally between Q  and Q  traffic. Thus, at higher loads load 1 2
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increase is reflected on Q and Q traffic where each gets equal share while Q1 2 0 traffic stays 

constant (4.48Mbps) at every load.  

 

Description        Value 

Number of ONUs       16 

EPON Line Rate       1 Gbits/s 

Distance between OLT and ONUs     20km 

Quantum        2389 Byte 

Number of priority classes at each buffer    3 

Number of buffers at the OLT      16 

Buffer Size at OLT (For each subscriber)    1 MByte 

Table 4.1 Simulation Parameters  

4.9 Simulation Results 

Figure 4.3 shows the average buffer delay for voice traffic at SPQ and NSPQ algorithms. 

Even under heavy load conditions figure 4.3 proves that average voice delay is below the 

maximum tolerable delay requirement (1.5 ms) of voice packets at the access networks 

for both algorithms.  

 

Since voice packets which come between 2 consecutive rounds might wait next round to 

be transmitted at NSPQ, voice delay is the higher at NSPQ at heavy loads.Figure 4.4 

shows average buffer delay of video traffic for SPQ and NSPQ algorithms. Delay is 

almost same for both algorithms under different loads.  
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Figure 4.3 Mean Buffer Delay of Voice packets at SPQ and NSPQ versus ONL 

 

Figure 4.5 shows average buffer delay of data traffic for SPQ and NSPQ algorithms. 

Average data delay at NSPQ is slightly smaller than at SPQ algorithm between the loads 

of 0.5 and 1. This is due to, in a given round, all scheduled data packets are sent out in 

NSPQ. As for SPQ, scheduled data packets waits as long as there some unscheduled vide 

or voice packets present in the buffer.  

 

Figure 4.5 Mean Buffer Delay of Data packets of SPQ and NSPQ vs. ONL 

Figure 4.6 shows data drop ratio at SPQ and NSPQ algorithms as a function of ONL. As 

expected, when the load is less than 1, drop ratio for data packets less in NSPQ than SPQ. 

In SPQ, bursty fluctuation of incoming traffic might fill up downstream buffer very 

quickly, then newly arriving voice or video packets drops data packets from the tail of the 

queue. This causes more data packets drop in SPQ as compared to NSPQ. 
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Figure 4.4 Mean Buffer Delay of Video packets of SPQ and NSPQ vs. ONL 
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Figure 4.5 Mean Buffer Delay of Data packets of SPQ and NSPQ vs. ONL 
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Figure 4.6 Data Drop Ratio at SPQ and NSPQ algorithms vs. ONL 

 

4.10 Conclusion 

This work has proposed a cost effective CWDM-PON architecture that is open to every 

service provider. By using CWDM-PON on the access networks, residential customers 

can be served with same/different data link layer technologies with the same/different 

SPs with same/different data rates based on SLA between SP’s and end-users. In 

proposed CWDM-PON architecture, since every SP’s services are transparent to each 

other, each SP is free to select among different PON technologies (BPON, EPON, and 

GPON). Supported by the CWDM-PON scheme, we have integrated DRR to two 

different QoS algorithms (SPQ and NSPQ) to not only provide fairness among the end-

users but only differential treatment to different CoS flows. 

 



 60

 
Chapter 5 
 
 
A Simple and Cost Effective Ring-Based Local 

Access C/DWDM-PON Architecture for 

Supporting a Truly Shared LAN Capability 

  

5.1 Introduction  

Passive Optical Network (PON) technology is emerging as a viable solution for next-

generation broadband access networks [1-5]. A PON connects a group of Optical 

Network Units (ONUs) located at the subscriber premises to an Optical Line Terminal 

(OLT) located at the service provider’s central office (CO). Among the various PON-

based FTTH schemes, single channel Time-Division Multiplexed PON (TDM-PON) and 

multi-channel Wavelength-Division Multiplexed PON (WDM-PON) architectures are the 

two most viable candidates.  

 

TDM-PON supports a single wavelength channel in the downstream direction (OLT to 

ONUs) and another wavelength in the upstream direction (ONUs to OLT). Current TDM-

PONs including broadband PON (BPON), gigabit PON (GPON), and Ethernet PON 

(EPON) provide higher bandwidth than traditional copper-based access network solutions 
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and seem to offer a satisfactory solution for present bandwidth demands. However, since 

all users attached to a TDM-PON share a single transmission channel, the average 

dedicated bandwidth assigned to each user in either direction is usually limited to a few 

percent of the channel capacity, i.e., a few tens of Mb/s.  As the number of end users 

attached to a given access network grows each year, and as their usage patterns evolve to 

include more bandwidth-intensive content and peer-to-peer applications, there emerges 

an acute need for broadband access solutions that can upgrade current TDM-PONs and 

provide each user with at least a 100 Mb/s, symmetric, and guaranteed bandwidth [5].        

 

WDM-PONs are emerging as the most promising future access solutions that can provide 

evolutionary upgrade to existing TDM-PONs. These schemes can support multiple 

wavelengths in either or both the upstream and downstream directions. Traditional 

WDM-PON systems allocate a separate pair of dedicated upstream and downstream 

wavelength channels to each subscriber, enabling the delivery of 100 Mb/s or more of 

dedicated bandwidth per subscriber or ONU. In contrast to traditional TDM-PON 

architectures, WDM-PON has a unique ability to support any future bandwidth upgrade 

without altering the physical infrastructure. In addition to its operational simplicity, 

WDM-PONs provide dedicated point-to-point optical connectivity to each subscriber 

with bit rate and protocol transparencies, guaranteed QoS, and increased security. 

Moreover, WDM-PONs can support the transmission of any service or service mix, 

including Gigabit Ethernet, ESCON, FICON, Fiber Channel, OC-N, ATM, and FDDI, at 

any bit rate.  
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Despite these aforementioned numerous crucial advantages, traditional WDM-PON 

architectures suffer from several limitations including inability to efficiently utilize 

network resources and to cope with the dynamic and bursty traffic patterns of the 

emerging integrated triple pay services [5-6]. In addition, since most of TDM/WDM 

PON architectures are traditionally deployed as tree topologies, end users attached to 

these PONs cannot directly communicate with each other. The former limitation is 

exacerbated when some wavelength channels are heavily loaded while others are 

underutilized or are totally idle. In this case, unused dedicated channel capacities of those 

lightly loaded/idle subscribers cannot be shared by any of the other heavily loaded users 

attached to the PON, leading to the waste of scarce network resources. Therefore, to 

increase the total throughput, future WDM-PON architectures must support dynamic 

bandwidth allocation (DBA) and sharing.  

 

To address the former problem, several WDM-PON architectures and protocols that 

dynamically manage and allocate bandwidth in both time and wavelength dimensions 

have been proposed recently [6-11]. Most of these schemes, however, are costly and 

assume complex OLT and ONUs setups, which require tunable, or array of fixed 

transceivers, or both, WDM filters, and wavelength-band-selective receivers. 

Furthermore, schemes that support dynamic wavelength sharing [6-7], where additional 

wavelength channels are added to accommodate the fraction of bursty downstream traffic 

that may exceed the user’s dedicated downstream wavelength channel rate, are still 

falling short of addressing the fundamental problem of the inefficient utilization of 
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network resources. This is because the unused capacities of those lightly loaded/idle 

dedicated downstream wavelength channels are still being wasted. 

 

The latter problem has recently received considerable attention due to the rising 

importance of supporting virtual private connections among end users (for instance, 

branch sites in a business enterprise). In this regard, several physical layer LAN 

emulation schemes have been proposed to achieve intercommunication among the ONUs, 

but only within the context of TDM-PONs [12-14]. Most recently, fewer schemes have 

been proposed to achieve intercommunication among the ONUs within a WDM-PON 

infrastructure [15-16]. In addition to the added cost and complexity, most of these 

schemes, however, suffer from poor scalability due to high splitting losses as the 

redirected LAN signals traverse through the star coupler/AWG once or twice, resulting in 

lower power budget that limits the number of ONUs that can be attached to a single PON.  

In general, achieving intercommunication among subscribers within a tree-based WDM-

PON setup is a lengthy and complex process that requires much more resources than 

those needed for a TDM-PON.   

 

The purpose of this paper is to propose a simple and cost effective local access WDM-

PON architecture that addresses some of the limitations of conventional tree-based 

WDM-PON architectures including supporting dynamic allocation of network resources 

as well as a truly shared LAN capability among end users.  Specifically, this work 

proposes and devises a novel ring-based local access WDM-PON architecture that 

efficiently supports dynamic allocation of wavelengths/timeslots and sharing traffic as 

 



 64

well as  truly direct private connections among PON end users.  The proposed 

architecture combines the salient features of both traditional static WDM-PON (i.e., 

dedicated connectivity to all subscribers with bit rate and protocol transparencies, 

guaranteed QoS, and increased security) and dynamic WDM-PON (i.e., efficiently 

utilizing network resources via dynamic wavelength allocation/sharing among end users).  

 

Unlike a typical WDM metro-access ring network, where the feeder fiber of a PON is 

replaced with a metro fiber ring that interconnects the hub and access nodes, the proposed 

architecture interconnects WDM ONUs via a short distribution fiber ring in the local loop 

but allows them to share the feeder fiber for long reach connectivity to the OLT. This 

architecture is well suited for an autonomous access environment such as a private 

financial enterprise where supporting secure, reliable,  and direct intercommunications 

among end users is required and where several high-end users are closely dispersed 

within a 1-4 km diameter area.  

 

Specifically, we develop an OLT-based shared wavelength/timeslots assignment and 

scheduling (SWS) algorithm along with a fully distributed LAN DBA scheme that 

dynamically allocate network resources among end users fairly and efficiently. To 

achieve this objective, overall network resources, including downstream, upstream, and 

LAN wavelength channels, are load-balanced and efficiently utilized via traffic-

engineered routing of user’s traffic. The algorithm is QoS-aware via assigning dedicated 

wavelength channels for higher priority traffic (e. g., voice and video) and limiting 

dynamic wavelength assignment and sharing to best-efforts traffic only. 
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5.2 Proposed Ring Based C/DWDM PON Architecture  

Figure 5.1 illustrates the proposed ring-based WDM-PON architecture. An OLT is 

connected to N WDM ONUs (this work assumes N = 16) via a 20-km trunk feeder fiber, 

a passive 3 port optical circulator, and a small fiber ring. To cover the same local access 

area as in the tree-based architecture [1-5], the small ring at the end of the trunk is 

assumed to have a 1-4 km diameter. The ONUs are joined by point-to-point links in a 

closed loop around the access ring. The links are unidirectional: both downstream and 

upstream signals (combined signal) are transmitted in one direction only. Each ONU is 

assigned a single dedicated wavelength for both downstream and upstream transmissions. 

Direct intercommunication among ONUs is achieved via an additional local control/LAN 

wavelength channel, λLAN, which is terminated, regenerated, and retransmitted at each 

ONU.  

 

Downstream/upstream wavelengths as well as the LAN wavelength are spaced 200-GHz 

apart in the 1530-1565 nm standard C-band.  Since the total number of required 

wavelength channels in the proposed architecture is assumed to be 17 (corresponding to 

16 downstream/upstream wavelength channels plus an additional local control/LAN 

wavelength channel), these channels can also be allocated over the 1270-1610 nm 

CWDM spectrum that can offer up to 18 available channels with 20-nm spacing, as 

defined in ITU TG.694.2. Thus, the overall system cost can be reduced via the utilization 

of low cost commercially available CWDM components.  To scale beyond the 16 ONUs, 

the number of downstream/upstream wavelength channels can be doubled or quadrupled 
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by reducing the channel spacing in the C-band to 100 or 50-GHz, respectively,   Provided 

that the overall system power budget is still satisfactory.  

 

The OLT houses an array of N fixed transmitters (Tx) and another array of N+1 fixed 

receivers (Rx), passive 3 port optical circulator, and a commercially available low cost 

thin film-based DWDM multiplexer/demultiplexer with channel dependent insertion 

losses between 0.3 and 5 dB. Each Tx/Rx pair corresponds to one ONU and utilizes the 

same wavelength for transmitting and receiving downstream and upstream traffic, 

respectively. The extra receiver (N+1) located at the OLT is used to detect the local 

control/LAN channel. Each ONU has a Tx/Rx pair which is matched to the 

corresponding pair at the OLT and another Tx/Rx pair for transmitting and receiving the 

local LAN channel, λLAN.  In addition, each ONU houses a commercially available low 

cost four-port thin film filters-based fixed optical add-drop multiplexer (OADM), where 

two wavelengths (corresponding downstream/upstream and LAN wavelengths) are 

dropped and added at each node.  

 

The DWDM downstream signal is coupled to the ring via port 3 of the optical circulator. 

After recombining it with the re-circulated LAN signal via a 2x1 WDM combiner (placed 

on the ring directly after the optical circulator), the combined signal then circulates 

around the ring (ONU   through ONU1 N) in a drop/add and go-through fashion. For 

instance, at the first ONU, the dedicated downstream wavelength channel λ1 along with 

the re-circulated control/LAN channel are dropped and processed; then, the dedicated 

upstream signal λ  along with the regenerated control/LAN channel are added.  Finally, at 1
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the last node (ONUN), wavelengths λ and λN  LAN are dropped/added.  Thus, the DWDM 

downstream signal is terminated at the last node.  

 

The combined DWDM upstream and LAN signals emerging from the last ONU at the 

end of the ring is split into two components via a (10:90) 1x2 passive splitter placed on 

the ring directly after the last ONU. The first component (90 percent) is directed towards 

the OLT via circulator ports 1 and 2, while the second component (10 percent) passes 

first through a band rejection filter that terminates the DWDM upstream signal.  The 

second component emerging from the band rejection filter, the LAN signal, is allowed to 

re-circulate around the ring after recombining with the downstream signal (originating 

from the OLT) via the 2x1 WDM combiner (multiplexer). The first component of the 

combined DWDM upstream and LAN signal is received and processed by the array of 

N+ 1 fixed optical receiver (housed at the OLT).  Specifically, each of the N upstream 

optical receiver detects the corresponding upstream signal and recover the MAN/WAN 

traffic, while the LAN optical receiver, as will be explained below, process the control 

messages and may discard or process the LAN traffic provided that, as will be shown 

below, it carries upstream traffic as well. 
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Figure 5.1 Proposed Ring Based C/DWDM PON Architecture 

 

5.3 Distributed LAN DBA Scheme 

5.3.1 Overview of Centralized DBA Schemes  

 

In TDM PON, intercommunication among ONUs is provided through OLT. Thus, when 

ONU  communicates with ONU , ONUi j i sends its traffic to OLT via upstream channel, 

and then OLT reroutes and broadcast that traffic back to all via downstream channel. 

Thus upstream DBA plays a pivotal role for inter ONU (LAN) communication 

 

Several centralized tree-based upstream DBA schemes have recently been reported in the 

literature [9-13]. An OLT-based polling scheme, called Interleaved Polling with Adaptive 

Cycle Time (IPACT) based on Grant and Request messages, has been presented in [9]. 
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Using IPACT, several DBA schemes were studied in [9]; namely fixed, limited, gated, 

constant credit, and linear credit. Amongst these algorithms, the limited was shown to 

exhibit the best performance. The limited DBA scheme is cycle-based, where a cycle 

(TCYC) is defined as the time that elapses between two executions of the scheduling 

algorithm. A cycle has a variable length size confined within certain lower and upper 

bounds, which we denote as T  and TMIN MAX (sec) respectively. Thus, the algorithm 

schedules between B  and B  (bytes) at a time, where BMIN MAX i is determined by 

multiplying Ti with the line rate. In this scheme, the ONU will be granted the requested 

number of bytes, but no more than a given predetermined maximum BMAX. If Ri is the 

requested bandwidth of ONU , then the granted bandwidth (BGranted ) is equal to: i

                               (5.1)                            ⎩
⎨
⎧

>
≤

=
MAXiMAX

MAXii
Granted BRIfB

BRIfR
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BBMAX is determined by the maximum cycle time TMAX [9]: 
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G
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N

1
  maxB MAX=

                                           (5.2) 

where N is the number of ONUs, TG is the guard band slot, and REPON is EPON line rate.  

 

All of the above referenced DBA schemes are OLT-based, that is the OLT has 

centralized intelligence. The performance of most of these centralized schemes suffers 

from several limitations, including: (1) the bandwidth granted by the OLT, during cycle 

n, to ONUi is only determined by the content of a single REPORT message transmitted in 

the previous cycle n-1 by ONU  (i.e., the bandwidth computation module does not take i
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into account the remaining requests of other ONUs). Thus, the process of bandwidth 

allocation is not globally optimized; (2) due to the bursty nature of Ethernet traffic, some 

ONUs might have less traffic to transmit while other ONUs may require more bandwidth 

than B . For instance, assume that ONU  requests an amount of bandwidth R < Bmax i i max, 

while ONU  requests an amount of bandwidth R  > Bj j max. Although there is an excess 

amount of bandwidth (B  - R ) that can be granted to ONUmax i j, however, due to limitation 

# 1 cited above, the maximum bandwidth that may be granted to ONU  is only B .  j max

 

Note that both of these limitations directly effect performance of not only upstream 

traffic but inter-ONU traffic also since inter ONU traffic are carried via upstream channel 

before rerouted and broadcasted to all ONUs by OLT. 

 

5.3.2 Proposed LAN-DBA Scheme Under a Distributed Control Plane 

The proposed scheme assumes a cycle-based LAN link, where the cycle size can be 

either fixed, or variable length confined within certain lower and upper bounds to 

accommodate the dynamic LAN traffic conditions. During a given cycle, each ONU 

transmits its control (REPORT) message (within its assigned time slot) around the ring 

from one node to the next, where it is finally removed by the source ONU after making 

one trip around the ring. It typically contains the desired size of the next timeslot based 

on the current ONU’s buffer occupancy.  Since these message frames are typical Ethernet 

frames, the ONU should also account for additional Ethernet overhead when requesting 

the next time slot; this includes 8-byte frame preamble and 12-byte Inter Frame Gap 

(IFG) associated with each frame. Note that since this overhead is typical to Ethernet 
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frame, there is no additional overhead due to this architecture. Thus, this framing has no 

impact on our network beside what is standard to any EPON.  

 

Since the REPORT messages are processed and retransmitted at each node, ONUs can 

directly communicate their status and exchange signaling and control message 

information with one another.  

 

Each ONU maintains a database that contains the state of the queues of all the ONUs. 

This information is updated each cycle whenever the ONU receives new REPORT 

messages from all other ONUs. The DBA module housed at each ONU uses this 

information to calculate a new set of time slot assignments at each cycle. The ONUs 

sequentially and independently run instances of the same LAN DBA algorithm outputting 

identical bandwidth allocation results. The execution of the algorithm at each ONU starts 

immediately once all REPORT messages have been collected. Thus, all ONUs must 

execute the LAN DBA algorithm prior to the expiration of the current cycle so that 

bandwidth allocations scheduled for the next cycle are guaranteed to be ready by the end 

of current cycle. Note that normally a cycle starts after the LAN DBA calculation for 

ONU timeslots is completed. Each cycle consists of N timeslots, where N is the number 

of ONUs in the network. Once all ONUs of a cycle completed their transmissions, then 

that cycle is over. An execution of the DBA algorithm produces a unique and identical 

set of ONU assignments.  It is critical that the algorithm produces a unique outcome for 

any arbitrary set of inputs.  Once the algorithm is executed, the ONUs sequentially and 
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orderly transmit their data without any collisions, eliminating the OLT's centralized task 

of processing requests and generating grants for bandwidth allocations.  

 

It is important to emphasize that maintaining proper time synchronization between ONUs 

is required for the appropriate operation of the distributed DBA algorithm. In general, 

this is always the case, as all ONUs are synchronized to a common reference clock 

extracted from the OLT downstream traffic. Clocking information, in the form of a 

synchronization marker, is included at the beginning of each downstream frame cycle. 

The synchronization marker is a one-byte code that is transmitted every 2 ms to 

synchronize the ONUs with the OLT [17]. The TDM controller at each ONU, in 

conjunction with timing information from the OLT, controls LAN transmission of the 

variable-length packets within the dedicated time slots.  

 

Note that in this work, as will be shown below, LAN data might be a combination of 

native local LAN traffic, transient downstream (TDS) traffic, and transient upstream 

(TUS) traffic. TDS traffic is defined here as downstream traffic (the fraction of bursty 

downstream traffic that may exceed the user’s dedicated downstream wavelength channel 

rate) destined to a given access node ONUi but terminated at a different transient access 

node ONUj.  This is because TDS traffic is always transported via a non-dedicated 

downstream wavelength channel λj other than its own dedicated downstream wavelength 

channel, λ , which is typically pre-assigned to transport native ONUi i’s downstream 

traffic. Once the TDS traffic is terminated at ONUj, it is handled as transient LAN traffic 

whose new source is ONU  and final destination is ONU . The TDS traffic along with j i
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ONU ’s local LAN traffic are first buffered at the corresponding ONUj j’s LAN queue, and 

are then retransmitted over the LAN/control wavelength channel around the ring to their 

final destinations, within the same granted ONU ’s LAN timeslot.   j

 

Similarly, TUS traffic is defined here as upstream traffic (the fraction of bursty upstream 

traffic that may exceed the user’s dedicated upstream wavelength channel rate) 

originating from a source node ONUi and destined to OLT, but transported via the 

LAN/control channel, λLAN.   TUS traffic can be removed from the LAN channel either 

by source ONU or by ONU1. Due to reason explained below, if removed by the first 

ONU, since it will lead to better LAN channel utilization, this work will be done by the 

ONU1. 

 

Since LAN transmission is based on a TDMA scheme, inter-ONU traffic including local 

LAN data and control messages as well as TDS and TUS traffic, are all transmitted 

within the same granted timeslot. Thus, devising an efficient and, primarily, a fully 

distributed LAN DBA algorithm, where the distant OLT is excluded from the process of 

assigning ONU’s timeslots, is central to the successful implementation of dynamic 

wavelength sharing for both upstream and downstream traffic. Note that at the initial 

stage of deploying the WDM-PON access network, the line rate of the LAN wavelength 

channel can be set to either 1Gb/s,  2.5 Gb/s, or 10Gb/s, according to the predictions of  

worst case scenario of network traffic demands.  
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To carry out a general and fair comparison between the performances of a centralized 

DBA scheme and the proposed distributed scheme, this work uses the centralized limited 

service scheme reported in [9], along with the appropriate changes needed to 

accommodate the distributed architecture, as the basis for the decentralized DBA scheme 

presented here. As mentioned above, to globally optimize the bandwidth allocation 

process, the proposed DBA algorithm execution is performed only after each ONU 

receives and processes all other ONUs requests.   

 

Based on bandwidth demands, ONUs can be classified into two groups, namely: lightly 

loaded ONUs that have bandwidth demands less than BMAX; and heavily loaded ONUs 

that have bandwidth demands more than BMAX. During each cycle, the DBA module must 

keep track of the unclaimed bandwidth from the set of lightly loaded ONUs. It then must 

redistribute this excess bandwidth to other heavily loaded ONUs based on their requested 

bandwidth, i.e. two ONUs requesting bandwidths B1 and B2 more than BMAX will be 

assigned excess bandwidths proportional to B1 and B2. 

 

During each cycle, the lightly loaded ONUs with R  < Bi MAX will contribute a total 

remainder cycle bandwidth: 

)B inderCycle_Rema i

L

i
MAX R(B  −= ∑    (5.3) 

In equation 5.3, L stands for the number of lightly loaded ONUs. The heavily loaded 

ONUs with R  > Bi MAX will require a total over the limit cycle bandwidth: 

)BR(  MAX

H

i
i_ −= ∑OverLimitCycleB    (5.4) 
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In equation 5.4, H stands for the number of heavily loaded ONUs. The total remainder 

cycle bandwidth can be fairly distributed amongst the heavily loaded ONUs to expand 

their maximum transmission window as follows [10]: 

⎥
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i B

BB iRB  Δ   (5.5) 

. The granted bandwidth, BGHwhere Δ B is the extra bandwidth allocated to ONUBi i B , for a 

heavily loaded ONU  is given by:               i

MAX
extra
iGH BBB +Δ=     (5.6) 

, BIf R  is the requested bandwidth of ONUi BGrantedi  is the bandwidth granted using the 

proposed limited service-based distributed DBA scheme (Eqs. 3.3 and 3.4), then BGrantedB  

can be expressed as:  

    (5.7) 
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Note that the lightly loaded ONUs (R < Bi MAX) can be scheduled instantaneously “on-the-

fly” without waiting for DBA module to perform its end of cycle computations. Whereas, 

the heavily loaded ONUs ( R  > Bi MAX ) will have to wait until all REPORT messages have 

been received and the DBA algorithm has computed their bandwidth allocations. Thus, 

lightly loaded ONUs can be scheduled ahead of heavily loaded ones.  The drawback of 

this approach is that it introduces some idle time between two consecutive cycles, n and 

n+1, provided that the ONUs follow the conventional approach [9-13] and transmit their 

REPORT messages after data frames. This idle time, during which the PON channel is 
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not utilized, is equal to the time of one trip around the ring (to collect the REPORT) plus 

the time to perform the DBA computation. 

 

To eliminate this idle time (as proposed above), for a given time slot, the REPORT 

message is always transmitted before data frames. Assuming that the duration of the time 

slot allocated only to the TUS transmission of the last ONU (ONU that is scheduled to 

transmit last) is always longer than idle time. In this case, all other ONUs would have an 

ample time to complete the execution of the DBA algorithm prior to the completion of 

the last ONU’s data transmission (within the same cycle). This ensures that the process of 

bandwidth allocations to cycle n+1 is always executed before the expiration of cycle n.   

 

The idle time can not be avoided if the last ONU do not have any TUS traffic to transmit 

and it is equal to one round trip time around the ring (~15μs). When compared to the idle 

time at limited scheme reported above (80μs idle time due to accumulation of guard times 

for 16 ONU system), this idle time is still fairly lower.  

 

Note that, in contrast to centralized architectures where the order of the ONUs 

transmission is fixed (sequential) in each cycle, the distributed architecture has the added 

flexibility of varying the order of the ONUs transmission according to ONUs traffic 

demands and priority. Thus, the order of ONUs transmission may be different in each 

cycle and need not be fixed. As mentioned above, this work assumes that lightly loaded 

ONUs are always scheduled ahead of heavily loaded ones.  If there is more than one 

lightly loaded ONU at a given cycle n, we assume that their transmission order is based 
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on previous cycle (n – 1) transmission order; that is, an ONU that reports its queue status 

first is scheduled first.  We further assume that the order of heavily loaded ONUs 

transmission is based on the shortest request first (SRF); that is, ONU with the shortest 

bandwidth request is scheduled first (in ascending order) and ties are broken by the ONU 

ID.  

 

Note that, if ONUs transmissions are scheduled in an ascending order, LAN data 

transmissions assigned to any consecutive time slots are always collision-free. On the 

contrary, if ONUs transmission are scheduled in a descending order (for instance, ONU5 

is scheduled to transmit first and then ONU2), collision between two consecutive time 

slots is possible (re-circulated LAN data transmitted at the end of the time slot assigned 

to ONU5 might collide with data transmitted at the beginning of the next scheduled time 

slot assigned to ONU2). Due to possibility of collision, in this work we will consider 

transmission in ascending order only. 

 

5.3.3 Performance Evaluation for LAN-DBA 

 

In this section, each ONU generates LAN traffic only. The term “effective load” means 

the load which is on the link while the “offered load” means the load that is offered to the 

network. Offered network load (ONL) is the sum of the loads offered by each ONU and 

each ONU contributes to ONL equally by generating the same amount of traffic. 
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To compare the performance results of the proposed distributed scheme with that of the 

centralized scheme of [4], we use the same system parameters used therein; a system with 

16 ONUs, access link data rate from users to an ONU of 100 Mb/s, and a 1 Gb/s 

upstream EPON line rate (from an ONU to the OLT). The distance between the OLT and 

the ONUs varies from 20km to 23km (ring circumference = 3km). Maximum cycle time 

TMAX = 2ms.   

 

The guard time, TG, at the centralized architecture, separating two consecutive 

transmission windows is 5μs [4].  Whereas for the distributed architecture, we set TG = 0, 

since guard time slots are not needed.  Buffer size in each ONU is 10 Mbits.  

 

The traffic model used here is the same as that reported in [4] where each ONU has a 

number of ON/OFF sources, each with a Pareto distribution governing the lengths of the 

ON/OFF periods, in order to capture the self-similar nature of Ethernet traffic. Each point 

on the following plots corresponds to a sample of 100 million packets.   

 

Fig. 5.2 compare the average end-to-end packet delay of LAN traffic as a function of 

Offered Network Load for both centralized IPACT and distributed DBA schemes. As can 

be seen from the figure, at all network loads, the average end-to-end packet delays of the 

distributed scheme is always less than those of the centralized one and  at low loads, 

centralized scheme(IPACT) has about 350-450 μs longer average end-to-end delays than 

that of the distributed one.  This is mainly due to the RTT delay from the ONUs to the 

OLT (over 210 µs for a 20km trunk). Existence of guard bands at the IPACT also 
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contributes to this delay. In IPACT, we assumed OLT processing time of LAN packets 

before redirecting them back to ONUs as zero. In the case of the proposed ring-based 

architecture, the maximum delay between the most distant two ONUs on the ring is about 

15 µs. At higher loads, as queuing delay becomes higher and dominant, the delays get 

higher and two schemes becomes very similar.  
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Figure 5.2 Average LAN Packet Delay vs. Offered Network Load 

 

In Fig. 5.3, packet drop rate versus offered network load plot is given.  At all loads, 

especially in light loads, packet drop rate in distributed scheme is less than IPACT. Since 

at a given cycle heavily load ONUs can get the share of lightly loaded ONUs in 

distributed algorithm and transmit more packets while in IPACT it can not, this leads to 

more packets drop in IPACT. Due to TG presence in IPACT, every subsequent cycles 

cause more bandwidth wastage. In IPACT, more packets will be dropped from heavily 
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loaded ONUs since heavily loaded ONUs receive heavy traffic but can not send more 

than BMAX. 
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Figure 5.3 LAN Packets Drop Rate vs. Offered Network Load 

 

In Figure 5.4, throughput is same at light loads. At heavy loads, proposed distributed 

algorithm outperforms IPACT. This happens because in IPACT, between every ONUs 

transmission there is a guard band which is wasted. So in a given maximum cycle of 

TMAX, the total amount of bandwidth that is assigned to guard band is equal to TG * (N-1) 

where N is the number of ONUs. 
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Figure 5.4 LAN Throughput vs. Offered Network Load 

5.4 Downstream Wavelength Assignment & Sharing 

The OLT houses N downstream queues; each queue, , is assigned to a specific 

ONU

OLT
iQ

 and is connected to a dedicated downstream wavelength, λi i. Each ONU houses two 

queues, one queue, , is assigned to a dedicated upstream wavelength, λONU
upiQ , i, while the 

other queue, , is assigned to the LAN/control traffic. The process of dynamically 

assigning/sharing downstream wavelengths is implemented jointly at both the OLT and 

ONUs as follows: If a dedicated downstream wavelength channel, λ

ONU
LANiQ ,

i, with traffic 

destined to ONUi is overloaded (i.e., incoming bursty traffic flows may exceed the 

dedicated channel rate for some interval, so that its corresponding is congested), the 

following steps are executed:  

OLT
iQ
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1. The scheduler at the OLT searches for another underutilized/idle downstream 

wavelength channel, λj, i. e., a channel whose corresponding queue, , has 

some available space that can accommodate one or more of λ

OLT
jQ

i’s excess flows. 

This queue will be referred to as an available queue.  

2.  If the search is successful, the available channel, λj, is selected if and only if its 

corresponding LAN queue at ONU , , is also available.   ONU
LANjQ ,j

3. The scheduler redirects one, some, or all of λi’s excess flow(s) from the 

MAN/WAN to , where it is then transmitted, along with ONUOLT
jQ j’s native 

downstream traffic arriving from WAN/MAN, to ONUj over its dedicated 

wavelength channel λj. Such a channel that can accommodate and transport, in 

addition to its own local downstream traffic, other wavelength channel’s 

downstream traffic, will be referred here as an “Acceptor Wavelength Channel 

(AWC)” and its corresponding queue as an “available ready queue”. 

4. The λ  terminates all λ-downstream optical receiver housed at ONUj j j‘s 

downstream traffic including both native downstream traffic destined to ONUj 

and TDS traffic destined to ONUi, examines the destination MAC address of each 

detected Ethernet frame, and then performs the following two functions: i) native 

downstream traffic that matches ONUj’s MAC address is copied and delivered to 

end-users; ii) TDS traffic destined to ONUi (whose MAC address does not match 

that of ONU ) is redirected to ONUj j’s LAN queue and then retransmitted, along 

with ONU ’s own local LAN traffic, as LAN traffic around the ring over λj LAN to 

their final destinations, within the proper designated LAN timeslot of ONU .   j
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5. TDS flows are returned back to their original queues once these queues are 

available. 

 

Downstream queues located at the OLT are classified into three different types, a donor 

queue, an acceptor queue, and a regular queue. A donor queue is defined here as a queue 

that had some of its own native flows rerouted to other dedicated downstream queue(s).  

An acceptor queue is a queue that is buffering in addition to its own native local flows, 

one or more TDS flows that originally belong to other different congested queue(s). A 

regular queue is neither a donor nor an acceptor queue.  

 

5.4.1 Shared Wavelength Selection & Scheduling (SWS) Algorithm 

In this section, a resource allocation scheme that efficiently supports dynamic allocation 

of wavelengths and sharing traffic among PON end-users is developed. Specifically, we 

develop a shared wavelength selection/assignment and scheduling (SWS) algorithm that 

dynamically as well as fairly and efficiently allocates dynamically downstream 

wavelength channels among end- users. To achieve this objective, downstream network 

resources (downstream wavelength channels) are load-balanced and efficiently utilized 

via traffic-engineered routing of end-user’s downstream traffic flows. Although the 

proposed scheme utilizes an OLT-based centralized control plane, its implementation, 

however, requires the participation of the distributed LAN control plane.  

 

The SWS algorithm is divided into two overlapping processes: The first process, shown 

in Figure 5.5, is a fixed periodic polling-cycle operation where the flow scheduler at the 
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OLT periodically checks the status of each dedicated downstream and its 

corresponding . The second, shown in Figure 5.6, is the process of 

admitting/routing/dropping new native flow(s), which is triggered by the arrival of new 

native flow(s). The algorithm module maintains two databases. The first database keeps 

track of the records of all existing and newly arriving flows including flow ID, flow 

average rate, flow instant rate, native flow’s pre-assigned dedicated wavelength channel, 

and TDS flow’s AWC. The second database maintains a Transient Counter (TC

OLT
iQ

LAN
iQ

i) for each 

dedicated downstream queue, .  OLT
iQ

The function of a TC is to keep track of the number of native flows that have been 

redirected from a given donor queue to other available queue(s) as well as the number of 

non-native TDS flows that are being buffered by an acceptor queue. The number 

displayed by a TC can either be a zero, positive integer (to indicate that this queue has 

had a surplus capacity), or a negative integer (to indicate that this queue has had a 

capacity deficit), corresponding to a regular queue, an acceptor queue, and a donor queue, 

respectively.  For instance, if TCi = -2, this indicate that is a donor queue that had 

two of its native flows rerouted to other queue(s). Similarly, if TC

OLT
iQ

i = +3, this indicate that 

is an acceptor queue, which is buffering (has buffered) three non-local TDS flows 

that belong to different queue(s).  These databases are updated periodically in each 

polling cycle upon the arrival of new flows or the termination of an existing flow.   

OLT
iQ

 
A. First Process: A Periodic Polling-Cycle Operation 

This operation is triggered at the end of each polling cycle, where the cycle time is 

assumed to be fixed (Tpolling). The criterion used to determine whether a downstream 
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queue is congested or available is based on the available size (capacity) of that queue at 

the instant of polling cycle scheduling, which is equivalent to utilizing a dynamic 

threshold. In this work, maximum available queue size is set such that worst case packet 

delay at a given downstream queue does not exceed 10 ms. Thus, for a 1Gb/s output 

downstream queue rate (all Network DWDM channel capacities are assumed to be equal 

including downstream, upstream, and LAN channels, each operating at a 1 Gb/s), the 

maximum available queue size is = (1Gb/s) (10 ms) = 10 Mbits. 

 

If the available size of at the end of the polling cycle n can’t accommodate the 

accumulated average-sum rate of all existing downstream flows during the next polling 

cycle n+1, is congested.  In other words, if the following inequality does not hold, 

 is congested:  

OLT
iQ

OLT
iQ

OLT
iQ

                                        (5.8) )(}{ ,, tQTRf OLT
avaipout

j

exist
avej ≤−∑

where  is the average rate of an existing flow j, is the downstream output queue 

rate, is the polling cycle time, and  is the available size of queue i at the instant of 

polling cycle scheduling.   

exist
avejf , outR

OLT
avaiQ ,pT

 

If the inequality of Equation 5.8 holds, this is just an indication that is not congested 

but does not necessarily guarantee that it is an available queue. For to be an 

available queue, its available size must accommodate the worst case peak-sum rate of all 

OLT
iQ

OLT
iQ
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existing flows as well as, at least, one newly arriving flow at its peak rate.  Thus, if the 

following inequality holds, is an available queue: OLT
iQ

 

)(}{ ,,, tQTRff OLT
avaipout

K

TDS
peakK

j

exist
peakj ≤−+ ∑∑                   (5.9)                                       

where  is the peak rate of an existing flow j and is the peak rate of a newly 

arriving flow K or a rerouted TDS flow.  To avoid frequent flow transitions that might 

degrade the performance [6], the average rate of an existing flow in Equation 5.8 has 

been replaced by the peak rate in Equation 5.9, so that the difference between the 

available capacity of a non-congested queue and that of an available one is significant. 

exist
peakjf ,

TDS
peakKf ,

 

Similarly, the inequality used to determine the availability of a LAN queue is analogous 

to that used above in Equation 5.9 for a downstream queue; but appropriately modified to 

account for all the different input data contents of the LAN queue, including its own local 

LAN traffic as well as TUS and TDS traffic (if there is any). If the following inequality 

holds, is an available queue: ONU
LANiQ ,

 

)(} { ,,,,, tQTRfffR ONU
avaipout

K

TDSnew
peakK

M

TUSexist
peakM

j

TDSexist
peakjMAXin ≤−++ ∑∑∑+        (5.10)           

 

where Rin,MAX is the line rate from users to ONUi, is the peak rate of an existing 

TDS flow j that is utilizing ONU

TDSexist
peakjf ,

i,  is the peak rate of an existing TUS flow M 

that is utilizing ONU

TUSexist
peakMf ,

 (OLT is aware of both existing TDS flows that it has rerouted itself i
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and TUS flows that it has received via the first component of the LAN signal), is 

the peak rate of a newly arriving TDS flow K, is the output rate of the LAN 

queue, and is the estimated available size of the LAN queue calculated at the instant 

of polling cycle scheduling as follows:  

newTDS
peakkf ,

LANoutR ,

LAN
avaiQ ,

                                                   = QLAN
avaiQ , LAN,MAX - Q (5.11) Report, Aggr                                             

It is important to emphasize that in contrast to the actual accurate available size of a 

downstream queue that is used in Equation 5.9 above, the available size of the LAN 

queue used in Equation 5.10 is roughly calculated by the SWS algorithm module using 

Equation 5.11.  The SWS algorithm module located at the OLT periodically (each polling 

cycle) checks the status of each distant ONU’s LAN queue (QReport, Aggr) via the LAN 

REPORT messages transmitted to the OLT.  Note that the the state of the LAN queues 

conveyed to the OLT via the REPORT messages might be outdated due to three factors: 

1) Tpolling is not necessarily equal to TLAN; 2) time it takes for the REPORT messages to 

travel to the OLT (propagation delay between OLT and ONUs; 3) REPORT message 

transmission time. Thus, the state of the LAN queues used by the SWS algorithm to 

determine the available size of each distant LAN queue may not reflect the actual 

instantaneous status of the LAN queues.   

 

At each polling cycle, the algorithm uses the most updated ONU’s LAN REPORT 

message, i. e., the REPORT message that arrives last to the OLT within the current 

polling cycle. Thus, Equation 5.10 is an approximation and is not as accurate as Equation 

5.9 above. However, since Equation 5.10 assumes the worst case scenario for all existing 

and incoming traffic, it is a sound approximation. This process requires that the fixed 
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polling cycle period, Tpolling, of the SWS algorithm, be at a minimum equal to or greater 

than the maximum varying length of the DBA algorithm’s LAN-cycle, T .  LAN

 

As can be seen from the right part of Figure 5.5, once has been identified as a 

congested queue, the status of its corresponding TC

OLT
iQ

i is checked to determine its type.  If 

is either a donor or a regular queue (TCOLT
iQ ≤i  0), the algorithm determines how many 

flows should be removed from the queue (rerouted and/or dropped) so that the inequality 

of Equation 5.8 holds, i. e., is no longer congested. Note that the actual process of 

rerouting these excess flows from the congested donor/regular queue to an available 

ready queue and/or dropping them is postponed until all other remaining queues in the 

polling cycle are also inspected.   

OLT
iQ

 

Alternatively, if is an acceptor queue (TCOLT
iQ i > 0), i. e., a queue that is buffering one or 

more non-local TDS flows, the algorithm first attempts to redirect one or more of these 

excess TDS flows back to their original source queues (provided that these source queues 

are available queue) in a LIFO order until the inequality of Equation 5.8 holds.  

Otherwise, these TDS flows are dropped.  Note that in this case, however, an original 

source queue that restores its own native flows must be an available queue only (i.e., a 

queue that satisfies only the inequality of Equation 5.9) and need not be an available 

ready queue, i.e., a queue that satisfies inequalities of both Equations 2 and 3. 

  

The left part of Figure 5.5 shows the steps involved at the end of a given polling cycle n 

to determine whether a non-congested queue can also be qualified as an “available ready 

 



 89

queue”; i.e., a queue, which is ready to buffer, during any instant within the next polling 

cycle n+1, one or more non-local TDS flows that belong to other queue(s). Once has 

been identified as a non-congested queue (satisfies inequality of Equation 5.8), its status 

is further examined to determine if it qualifies as an available queue (satisfies inequality 

of Equation 5.9).  If it does, the status of its corresponding TC

OLT
iQ

i is checked to determine its 

type. If it is either a regular or an acceptor queue (TCi  0), the status of its 

corresponding LAN queue, , is examined to determine whether it is an available 

queue as well; if  is an available queue (satisfies inequality of Equation 5.10), 

is labeled as an “available ready queue”.  

≥

ONU
LANiQ ,

ONU
LANiQ ,

OLT
iQ

 

Otherwise, if is an available donor queue (TC<0), the algorithm first attempts to 

restore one or more of its native flows (which have been buffered at other downstream 

queues), until the queue is no longer available (inequality of Equation 5.9 no longer 

holds).  Thus, if a queue is a strict available donor queue, the process of restoring its own 

native flows has precedence over that of accepting and buffering non local TDS flows 

that belong to other queues. 

OLT
iQ
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iQ
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iQ
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OLT
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Figure 5.5 Periodic Polling-Time Operations 
 

 

B. Second Process: Admission & Rerouting of Newly Arriving Native Flows 

When a new flow arrives at the OLT from MAN/WAN to the corresponding dedicated 

downstream queue, as can be seen from figure 5.6, the status of this queue is examined to 

determine whether it is an available queue or not. If it is (satisfies inequality of Equation 

5.9), the flow is admitted and resources are allocated.  If Equation 5.9 is not satisfied, i. 

e., the queue is identified as an “unavailable” queue, flow scheduler further checks 

whether the queue is an acceptor queue. If it is an acceptor queue, the steps follows is the 

same as right part of figure 5.5 where the queue is congested and it is an acceptor queue. 

If the queue is a regular or donor queue, the flow scheduler initiates a quick search to find 
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an available and ready queue. If it finds one, it redirects the newly arriving flow to that 

queue; otherwise the newly arriving flow would be dropped.  

 arrival to 

YES

YES

Idle State

Accept new
flow to 

NO
TCi > 0

NOYES
Redirect last accepted 
transient flow back to OLT

xQ OLT
iQ

Drop last accepted 
transient flow at

NO

Drop 
new flow

OLT
iQ

New Flow

OLT
iQ

Identify the origin of last 
accepted transient flow 

(Assume   is the origin)OLT
xQ

NO

Is there an 
available and
ready queue  

(e.g., assume      is
available and ready)
Redirect new flow to

OLT
jQ

OLT
jQ
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Does        satisfies Eq.2?OLT
iQ

Does        satisfies Eq.2?OLT
xQ

 

Figure 5.6 Process of admitting/routing/dropping new native flow(s) 
 

C. Traffic-Engineered Selection Criteria  

During each polling cycle, as can be seen from Figure 5.5, the algorithm may identify one 

or more regular/donor congested queues as well as one or more “available ready queues”.  

Depending on available network resources, a scenario may arise in which not all of the 

identified congested queues are able to reroute their excess flows to other available ready 

queues.  Another scenario is that there might be only one congested queue but several 

other available ready queues. Thus, the algorithm, based on some selection criteria, must 

select which congested queue(s) from amongst all of the identified ones gets to reroute its 

excess flows; and which available ready queue(s) to be selected from amongst several 

available ready queues.  These criteria must take into account not only maximizing the 
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network throughput, but also being fair to end users; that is, these criteria must balance 

the trade-off between maximizing throughput and fairness. These selection criteria are:  

a) To achieve fairness among end-users, the queue with the least number of exported 

native flows is selected first.  Thus, a regular queue with a zero TC is the queue that is 

selected to route its excess native flows to other available ready queue(s) first; followed 

by the donor queue whose TC displays the minimum absolute value, etc.  Thus, the donor 

queue whose TC displays the maximum negative number gets to route its excess native 

flows last.   

b) To maximize downstream throughput, the algorithm selects the least-loaded pair of 

available downstream and corresponding LAN queues at the OLT and at the ONU, 

respectively, i. e., the pair with the maximum available average capacity.  In both cases, 

if there is a tie, one is randomly selected.  

 

5.5 Upstream Wavelength Channels Rerouting & Sharing 

Analogous to traditional WDM PONs, each ONU in the proposed architecture is assigned 

a dedicated wavelength for upstream transmission. However, if for a given dedicated 

user’s upstream wavelength channel, λi,up, incoming user’s upstream bursty traffic flows 

exceeds the channel rate for some interval, so that its corresponding dedicated upstream 

queue, , is congested. In this case, the flow scheduler at ONUONU
UPiQ , i may redirect one or 

more of the user’s excess upstream flows to the local LAN queue (these flows are now 

TUS flows), , provided that this LAN queue has some available space that can 

accommodate one or more of λ

ONU
LANiQ ,

i,up’s excess flows.   
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Once these TUS flows are buffered at , they are handled as transient LAN traffic 

and are transmitted, along with ONU

ONU
LANiQ ,

i’s local LAN traffic as well as TDS flows (if there 

is any) via the LAN/control channel to their final destinations, within the same ONUi’s 

granted LAN timeslot. Since LAN channel is split into two components at the end of the 

ring (the first component is destined to the OLT while the second one re-circulates 

around the ring), the LAN optical receiver housed at the OLT detects the first component 

of the LAN channel, recovers and processes TUS flows as well as control messages and 

discards native LAN and TDS traffic (if there is any). On the other hand, either first ONU 

or source ONU can remove TUS flows from the LAN channel. As it is explained in 

section 5.3.2, to reduce the idle time on the LAN channel, TUS flows are removed from 

the link by the first ONU. TUS flows are redirected back to their original upstream 

queues once they are available.  

 

Our main objective is to simplify the process of redirecting incoming user’s excess 

upstream flows to an available local LAN queue.  Since each ONU is directly aware of its 

own upstream and LAN queue statuses, this process can be directly and independently 

implemented by each ONU without resorting to any sort of scheduling algorithms. 

Therefore, the criteria used to determine whether an upstream or a LAN queue is 

congested or available must be much simpler than those used in the case of a downstream 

queue. This simple process, which is performed independently by each ONU, is triggered 

at the end of each LAN cycle (T ), is implemented as follows:  LAN

• The flow scheduler at each ONU periodically (each LAN-cycle) checks the status 

of both LAN and upstream queues. Note that the process of periodically checking the 
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status of each LAN queue must be implemented anyway at each LAN cycle since it is 

required by the LAN DBA module residing at each ONU to perform the LAN timeslots 

assignment.    

• If a given ONUi’s upstream queue, , is fully loaded, i. e., incoming upstream 

flows are about to be dropped out, this is an indication that is congested, which may 

trigger the process of redirecting and/or dropping these incoming excess upstream flows. 

A local LAN queue is an available queue if and only if the following two conditions are 

satisfied: i) the available capacity of the LAN queue must be higher than or equal to its 

half maximum size {Q

ONU
upiQ ,

ONU
upiQ ,

(available) > QLAN LAN (max)/2; and ii) aggregated incoming traffic 

rate to Q  must be lower than outgoing traffic rate. LAN

• The flow scheduler then checks if the corresponding local LAN queue, , is 

available.  If it is (i. e., satisfies the above two conditions), the flow scheduler redirects 

one or more of the incoming user’s excess upstream flows to , as long as the 

aggregated incoming upstream traffic rate to  is lower than outgoing rate. These 

flows are then transmitted, along with ONU

ONU
LANiQ ,

ONU
LANiQ ,

ONU
upiQ ,

i’s local LAN traffic as well as TDS (if there 

is any) over λLAN to their final destinations, within the proper designated LAN timeslot of 

ONU .  Otherwise, these flows are dropped.  i

• Once the upstream queue is available, the flow scheduler may return some or all 

of these TUS flows back to their original source queue, Q from ONU
iQ , Analogous to 

the LAN queue, an upstream queue is an available queue if and only if the following two 

conditions are satisfied: i) the available capacity of the upstream queue must be higher 

ONU
upi , , .  LAN
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(available) > Qthan or equal to its half maximum size {Qup up (max)/2; and ii) aggregated 

incoming traffic rate to Qup must be lower than outgoing traffic rate. 

Flowchart pictured as Figure 5.7 shows the Upstream Wavelength Channels routing & 

sharing algorithm 

 

 
Figure 5.7 Upstream Wavelength Channels routing and sharing 

 

5.6 Power Budget & Scalability of the Proposed Architecture 

The scalability of the proposed architecture is mainly limited by the concatenated 

OADMs insertion losses encountered by both downstream and upstream signals at each 

node. Since control/LAN signal is regenerated at every node, typical limited power 

budget problems as well as receiver dynamic range problem (long/short optical network 

paths and different splitting factors) are totally eliminated. 
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To examine the performance impact of downstream power budget we consider the worst-

case scenario by calculating the total Optical Distribution Network (ODN) loss (passive 

optical elements such as splitters, combiners, fibers, connectors, OADMs and splices 

forming an optical path) incurred by downstream signal on its longest optical path from 

the OLT the last ONU.  Note that the worst-case scenario ODN incurred by upstream 

signal on its longest optical path from the first ONU to OLT is almost equivalent to that 

of the downstream signal.  

 

We assume a 20 Km trunk feeder fiber, first ONU is 20 km away from OLT, and last 

ONU is 23.2 km away from OLT (ring circumference is about 3.2 km). Table 1 lists best 

and worst case downstream power budge scenarios for the 1st and 16th ONUs, 

respectively. All listed parameters, which also include insertion loss, are for 

commercially available components [13].  Thus, total ODN loss incurred by downstream 

signal on its path to the first and the last ONU is:                                                                                          

 

 L
OADM
DROP

Express
OADMMux

fiber
Ring

fiber
trunk

circulator
trunk

NthONUNth
LossDownstream LxLNLLLxLL

MUXTFF
+−+++++= )1(2_

_

(5.13) 

 

For example, if N = 16 ONUs, the total ODN loss using equation 5.12 and 5.13 above 

(worst case) are 10.5 and 29.1 dB respectively, leading to a 18.6 dB of ODN differential 

attenuation. Assuming that OLT transmitted power into the fiber is 0 dBm, a downstream 

receiver with  -29.1 dBm sensitivity and 18.6 dB dynamic range is required at the last 
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ONU to support 16 ONUs.  On the other hand, the worst-case scenario ODN incurred by 

upstream signal on its longest optical path from the first ONU to OLT is almost 

equivalent to that of the downstream signal = 29.3 dB. The small difference of 0.2 dB 

arises due to the additional (90:10) coupler loss (0.5 dB), which is encountered by the 

upstream signal only, while the downstream signal encounters the additional WDM MUX 

loss (0.3 dB). Upstream and downstream power budget tables are shown in table 5.1 and 

5.2 

 

Note that either downstream/upstream power budget demands on receiver parameters 

are still within a practical and commercial reach. Note also that the 16 nodes limit is not 

a shortcoming of an architecture that is specifically devised to support a private ring-

based local access infrastructure within a 1-4 km diameter area. A typical large private 

organization would have at most 10-15 buildings within such geographically bounded 

area. To scale beyond 16 ONUs, a higher transmitted power and/or the use of FEC 

techniques are required.   
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1st ONU  16th ONU 
COMPONENT # of 

Units 
# of 

Units Unit Loss Subtotal Unit Loss Subtotal
OLT TFF MULTIPLEXER 4 x1 4 1 x1 1 

CIRCULATOR 0.6 x2 1.2 0.6 x2 1.2 
EXPRESS CH. N/A N/A N/A 1.4 x15 21 OADM ADD/DROP CH 1 x1 1 1 x1 1 

FIBER LOSS 0.2 dB/km 20 km 4 0.2dB/km 23 km 4.6 
RING MULTIPLEXER 0.3 x1 0.3 0.3 x1 0.3 

TOTAL(dB) 10.5 29.1
 

Table 5.1 Downstream Power Budget for 1st  and 16th ONU 
 
 

1st ONU  16th ONU 
COMPONENT # of 

Units 
 # of 
Units Unit Loss Subtotal Unit Loss Subtotal

OLT TFF DEMUX. 1 x1 1 4 x1 4 
CIRCULATOR 0.6 x2 1.2 0.6 x2 1.2 

EXPRESS CH. 1.4 x15 21 N/A N/A N/A OADM ADD/DROP CH 1 x1 1 1 x1 1 
FIBER LOSS 0.2dB/km 23 km 4.6 0.2 dB/km 20 km 4 

SPLITTER(90:10) 0.5 x1 0.5 0.5 x1 0.5 
TOTAL(dB) 29.3 10.7

 
Table 5.2 Upstream Power Budget for 1st  and 16th ONU 

 
 
 

5.7 Performance Evaluation for Downstream Wavelength 

Assignment & Sharing 

 
 
 
An event-driven WDM-PON simulator was developed using C++.  The simulator 

consists of two modules. The first module executes WDM/TDM-based downstream 

SWS algorithm at the OLT while the second module concurrently executes TDM-based 

distributed LAN DBA each ONU. The traffic model used here is the same as that 

reported in [6-7], where bursty downstream flows are generated by aggregating 
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multiple sub-streams; each is modeled as an on/off source, with Pareto distribution to 

capture the self-similar nature of Ethernet traffic. Because the execution of the 

simulation model is computationally intensive and complex, an EPON system with only 

8 ONUs is used. The performance metrics used here is average down-link’s throughput 

and delay per ONU.  

 

Based on average down-link traffic load per ONU, ONUs are classified into two 

different sets, with 4 ONUs each.  In the first set, an average down-link load of 

0.1(100Mbps) is destined to each ONU from OLT. In the second set, a variable down-

link load that is incremented from 0.7 to 1.3 in 0.1 steps.  Each ONU in the second will 

be referred to as “ONU under test” (OUT).  Average LAN traffic load is varied from 

0.1 to 1.3 in 0.1 steps.  Here each ONU contributes to LAN load equally. 

 

The following are the system parameters assumed in the simulation: 1) line rates of all 

EPON channels including downstream, upstream, and LAN channels, are all equal, 

each operating at a 1 Gbps; 2) each ONU houses a LAN buffer with 10 Mbits size each; 

3) the OLT houses 8 downstream buffers, each corresponds to a given ONU with 10 

Mbits size; 4) From MAN/WAN to each downstream buffer, a fixed number of flows 

(20 flows) arrives constantly where each flow runs at the line rate of 100 Mbps (i.e., 

Thus, line rate from MAN/WAN to each downstream buffer is 2 Gbps). 6) maximum 

access LAN link data rate from local users to an ONU is 200 Mb/s; 7) maximum LAN 

cycle, TLAN = 2 ms; 8) fixed polling cycle, Tp = 2 ms; 9) the distance between OLT 

and ONUs varies from 20 km to 23 km (ring circumference ≈ 3 km); 10) all 

 



 100

downstream traffic is treated as best effort traffic, i. e., all arriving frames at OLT are 

queued at the corresponding downstream dedicated queues in a first-in-first-out (FIFO) 

order; 11) strict priority scheduling mechanism is assumed at each LAN queue; that is 

LAN traffic is assumed to have higher priority compared to both TDS and TUS traffic.  

 

First we have investigated the best value for periodic polling time period. Since LAN 

cycle is dynamic and maximum LAN cycle period is 2 ms, poll-period can not be less 

than 2ms (When running downstream SWS algorithm at the OLT, REPORTs should be 

updated at least once within a poll-period). Based on our model, since 4 lightly loaded 

downstream channels are available every time to carry TDS traffic, congestion would 

be more likely at the ONU’s LAN buffers (λLAN). This would be true even in real-life 

scenarios, since besides native LAN channel, λLAN might be carrying TDS and TUS 

traffic. That is why; we have investigated maximum available LAN buffer size at the 

ONUs when a flow drop is triggered at the OLT. In Figure 5.8, we have investigated 

maximum available LAN buffer size at an ONU when a flow drop is triggered at the 

OLT.  In Figure 5.8, native LAN load is set to zero. The figure shows that the higher 

the Tp, the less efficiently LAN buffer is utilized (more available space at the LAN 

buffer is wasted). This can be easily deduced from equation 5.10, since having higher 

poll time (Tp) puts more stringent requirement on allowing flows to run as TDS.  
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Figure 5.8 Maximum available LAN buffer size at an ONU when a flow drop is 

triggered at the OLT vs. average Down Link load per OUT 
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Figure 5.9 Average throughput per OUT versus average down-link load per OUT under 

zero native LAN traffic 
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Figure 5.9 shows the down-link throughput per OUT as a function of average down-link 

load per OUT under zero LAN Load. As can be seen from Figure 5.8, under zero native 

LAN load and heavy down-link load, an OUT’s down-link throughput reaches about 

1.22 Gbps. This number is reached due to excess downstream traffic of an OUT is 

carried as TDS traffic. Note that the theoretical OUT’s down-link throughput is given 

by: {Dedicated downstream channel Rate (1 Gbps) + Unused LAN Capacity}/Number 

of OUTs (in this case number of OUTs is 4).  Thus, under zero native LAN load, the 

OUT’s maximum down-link throughput = 1.25 Gbps, which is in good agreement with 

the simulation results of Figure 5.9. 

 

Figure 5.10 shows the down-link throughput per OUT as a function of both native LAN 

and OUT’s down-link loads. As LAN load increases, down-link throughput decreases 

from the peak throughput (1.22 Gbps). Finally, as expected, as the offered LAN load 

approaches unity or higher, down-link throughput levels-off at around 1 Gbps 

(dedicated channel rate). This is because transmission of TDS traffic is no longer 

possible. Note that in traditional WDM-PON systems, an ONU’s downstream/upstream 

rate can not be more than its dedicated rate. Dashed red line in figure 10 shows the 

throughput per ONU in traditional WDM-PON systems 
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Figure 5.10 Average throughput for an OUT with respect to average down-link load per- 

OUT and LAN Load 

 

Figure 5.11 shows the average down-link delay versus both native LAN and OUT’s 

down-link loads. At light down-link loads (arrow 1), all downstream flows are 

transported via their dedicated downstream wavelength channels. In this case, queuing 

delay is negligible and average down-link delay is mainly due to downstream 

propagation delay from OLT to ONUs, which is approximately 108 µs.  As down-link 

loads increase, OUTs’ downstream buffers start to fill up (shown with arrow 2), 

average delay gradually starts to increase due to queuing delays. Note that as long as 

down-link load is light, downstream delay is independent of LAN traffic load.   

 

However, at higher down-link loads where OUTs’ downstream queues start to get 

congested, some downstream flows will be transported as TDS flows via other 
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underutilized wavelength channels (AWCs) whose corresponding dedicated 

downstream queues are lightly loaded (first set of ONUs).  As long as the sum rate of 

all TDS flows and local LAN traffic is less than 1 Gbps, these TDS flows will not 

experience additional queuing delays at the LAN queues.  These TDS flows will only 

experience propagation delay, which is composed of two components: 1) propagation 

delay from OLT to transient ONU (108 µs), and 2) propagation delay across the ring 

from the transient ONU to the final destination ONU (0.0 µs).  Thus, total propagation 

delay of these TDS flows is almost identical to that of the regular downstream flows 

(108 µs), since propagation delay of the second component across the ring is almost 

zero. In this case, since the majority of downstream flows (regular flows) are 

transported via their dedicated wavelength channels, average queuing delay of all 

downstream flows (including both regular and TDS flows) is less than 10 ms 

(maximum queuing delay), which is about 8-9 ms (shown with arrow 3).  

 

On the other hand, when the sum rate of all TDS flows and local LAN traffic is more 

than 1 Gbps, ONU’s LAN queues start to fill up and LAN queuing delay starts to play a 

role.  In this case, average delay of all downstream flows attain the highest value 

(shown with arrow 4) and is dominated by the effects of both downstream queuing 

delays at the OLT and LAN queuing delays at the ONUs.  At very high native LAN 

load as well as down-link load where each of down-link and local LAN traffic rate is 

more than 1 Gbps, no further TDS transmission is allowed. In this case, downstream 

delay is mainly due to downstream queuing delay alone, which is around 10 ms (shown 

with arrow 5). 
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Figure 5.11. Average delay for an OUT with respect to average down-link load of an 
OUT and LAN Load 
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5.8 Conclusion 

This work has proposed a simple and cost effective local access WDM-PON architecture 

that combines the salient features of both traditional static WDM-PON (i.e., dedicated 

connectivity to all subscribers with bit rate and protocol transparencies, guaranteed QoS, 

and high security) and dynamic WDM-PON (i.e., efficiently utilizing network resources 

via dynamic wavelength allocation/sharing among end users).  Specifically, we have 

proposed and devised a novel ring-based local access WDM-PON architecture that 

efficiently supports dynamic allocation of wavelengths /timeslots and sharing traffic as 

well as a truly shared LAN capability among PON end users.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 107

Chapter 6 
 
 
Protection & Restoration 

  

6.1 Introduction  

Legacy WDM-PON and TDM-PON architectures are deployed as tree topologies, which 

provide simplicity in the deployment of access networks. However, one of the main 

limitations of tree-based topologies is the lack of a simple and cost-effective protection 

and/or restoration capabilities against failures in the access network. The mainstream 

PON DBA and protection schemes have been centralized – relying on a component at the 

distant OLT to arbitrate upstream transmission and to detect and recover distribution and 

trunk fiber breaks [1-9]. The centralized processes of upstream bandwidth allocation as 

well as detecting and restoring distribution fiber breaks at the distant OLT are lengthy 

and complex processes and require many changes at each ONU [10]. 

  

In the schemes given at [5-9], different automatic protection switching (APS) is used to 

to handle fiber failures in PON systems. In APS schemes, the optical path of the 

transported signals is switched to a predetermined path upon detection of either a fiber or 

equipment failure [11-12]. ITU-T G.983.1 recommended four possible protection 

schemes, which duplicate fibers and equipment at the ONUs and OLT [8].  These 

schemes are all centralized and can significantly alter the cost-effectiveness of the PONs 
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since they require many redundant components as well as many spare fibers connections 

to each ONU [9-10].  

 

This chapter proposes two different self healing architectures for the proposed WDM-

PON ring architecture, namely fully distributed self healing WDM-PON ring architecture 

and hybrid self healing WDM-PON ring architecture. Both architectures provide simple 

and cost-effective resilience capabilities against any and all kinds of networking failures. 

Both of the proposed schemes are capable of protecting against both node (ONU) and 

distribution/trunk fiber failures. These schemes enable the restoration of all network 

traffic including upstream, downstream, and LAN data. The proposed schemes can also 

protect against any combination of concurrent double failures including trunk/distribution 

fiber breaks and node failures.  

 

The simulation results indicate that the performance of the both schemes, including 

traffic loss and restoration speed outperforms the standard schemes which are 

recommended by ITU-T G.983.1. Furthermore, the recovery time associated with any 

and all different distribution network/trunk failures is still within the delay-bound limit 

required for delivering guaranteed triple play services.   
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6.2 Fully Distributed Self Healing WDM-PON Ring 

Architecture 

 
Figure 6.1 illustrates the fully distributed self healing WDM-PON architecture. The solid 

lines (working fiber) represent the normal state architecture while the dotted lines 

(protection fiber) represent the redundant protection components. The protected 

architecture is identical to that of the normal working architecture except for the 

following additional components (dotted lines): i) a redundant short distribution fiber ring 

and a trunk fiber; ii) two 2x1 optical switches located at the OLT; iii) Automatic 

Protection Switching (APS) module located at each ONU;  

 
 

6.2.1 Protected State Operation   

 
The APS module attached to each ONU is the basic building block of the proposed self-

healing mechanism that monitors the state of its adjacent distribution fiber paths and its 

own state and performs both fault detection and automatic switching process. The APS 

module connects to both incoming and outgoing working and protection fibers. Each 

APS module houses a commercially available low loss 4x4 bidirectional Optical Switch 

(OS) that is capable of switching from any input port to any output port [13]. It also 

includes two detection circuits, where each circuit comprises a band splitter (to separate 

the combined downstream/upstream/LAN signal into its constituents LAN and 

downstream/upstream signals), a control circuit to configure the OS, and a p-i-n detector 

(except the first detection circuit of ONU , which has two p-i-n detectors).  1
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The first/second detection circuit of each ONU (except ONU1) is used to detect the LAN 

signal via taping a small portion (about 1%) of the incoming/outgoing combined signal 

and then passing it through the band splitter.  However, the first detection circuit of 

ONU1 is used to detect both the LAN and downstream signals via taping a small portion 

(about 1%) of the incoming combined signal and then passing it through the band splitter. 

Under normal operation, as can be seen from Figure 1, the combined signal traverses the 

incoming and outgoing working fibers via ports 2-5 and 8-3, respectively.   

 

In general, we classify failure scenarios into three different classes, a trunk failure, a 

general distribution link failure and a general node (ONU) failure. A general distribution 

link is defined here as a fiber segment that connects two adjacent ONUs. All links 

connecting adjacent ONUs are general distribution links except the following two special 

links, which require different detection and recovery mechanisms: 1) the distribution 

fiber segment that connects the first ONU (ONU1) and the circulator; this link will be 

referred here as the first link; 2) the distribution fiber segment that connects the last ONU 

(ONUN) and the circulator; this link will be referred here as the last link.  All nodes 

distributed around the ring are general nodes except the last ONU, which requires only 

different recovery mechanisms. As will be shown below, all links and nodes that are at 

the trunk-ring junction (trunk, first and last links, first and last ONUs) have special 

significance.  
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Figure 6.1 Fully Distributed Self Healing WDM-PON Ring Architecture 
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6.2.2 Synchronization & Resynchronization 

 

Under normal operation, all ONUs are synchronized to a common reference clock 

extracted from OLT’s downstream traffic. Clocking information, in the form of a 

synchronization marker, is encapsulated within each ONU’s dedicated downstream 

wavelength, at the beginning of each downstream frame cycle. The synchronization 

marker is a one-byte code that is transmitted every 2 ms to synchronize all ONUs with 

the OLT [2-3]. The TDM controller at each ONU, in conjunction with timing information 

from the OLT that takes into account the ranging problem (the distance, and hence 

propagation delay, between the OLT and different ONUs on the ring is not the same), 

controls the LAN transmission of the variable-length packets within the dedicated time 

slots. Maintaining proper time sync between different channels is required for the 

appropriate operation of the LAN DBA algorithm.  

 

In the event of a failure, normal ONUs transmissions stop and the sync between ONUs 

and OLT is lost. This nullifies the LAN cycle’s timeslots granted to ONUs. Once the 

failure recovery is complete, a new cycle’s timeslots must be recalculated via the LAN-

DBA module located at each ONU. This requires reestablishment of synchronization 

between ONUs and OLT again.  As will be shown below, this process is managed by the 

affected ONU.   
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6.3 Fully Distributed Fault Detection and Recovery 

Mechanisms 

 

In this section, we present fully distributed fault detection and recovery schemes, where 

the proposed mechanisms are independently initiated and managed by the affected ONU. 

The ONUs utilize a fully distributed control plane that enables them to directly 

communicate their status and exchange signaling and control message information with 

one another. The control plane further enables the ONUs to independently detect, 

manage, and recover any and all networking failure scenarios except for three special 

cases, namely, trunk, last link, and last node failures.  In each of these three special cases, 

as will be shown below, both ONU1 and the OLT jointly participate in the detection and 

recovery process.  

 

6.3.1 Decentralized Fault Detection Mechanisms 

 

Direct intercommunication among ONUs is implemented via the LAN/control 

wavelength channel, where the control messages (REPORTs) along with LAN data share 

the same LAN channel bandwidth (in-band signaling). The proposed scheme utilizes a 

fully distributed time division multiple access (TDMA) arbitration scheme in which the 

OLT is excluded from the arbitration process. It assumes a cycle-based LAN link, where 

the cycle size can be either fixed or variable length confined within certain lower and 

upper bounds to accommodate the dynamic LAN traffic conditions. 
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During each LAN cycle, ONUs transmit their REPORT messages along with LAN data 

sequentially in an ascending order within their granted time slots around the ring from 

one node to the next, where each REPORT message is finally removed by the source 

ONU after making one trip around the ring. Since REPORT messages are processed and 

retransmitted at each node, ONUs can directly communicate their status and exchange 

signaling and control message information with one another.  

 

Under normal operation, the REPORT message typically contains the desired size of next 

timeslot based on the current ONU’s LAN buffer occupancy. ONUs exchange REPORT 

messages concerning their LAN queue status and their transmission needs amongst 

themselves. Then, the ONUs sequentially and independently run instances of the same 

LAN-DBA algorithm outputting identical bandwidth allocation results [14]. Once the 

algorithm is run, the ONUs sequentially and orderly transmit LAN data without any 

collisions, eliminating the OLT's centralized task of processing requests and generating 

grants for bandwidth allocations.  

 

In the event of a failure scenario, the REPORT message transmitted by the affected ONU 

typically contains a failure indication alarm message that includes specific instructions to 

both the OLT and a remote node that will be involved in the recovery process. Since the 

LAN signal is always present on the ring and trunk (cyclic control message is always 

transmitted independent of the presence or absence of LAN data), general failure 

detection scenarios (general distribution link and node failures) will primarily be based 
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on detecting the absence/presence of the LAN signal only.  Thus, all ONUs are 

continuously monitoring the status of the LAN signal on both incoming and outgoing 

fibers.   

 

If the first control circuit of a given ONUn detects the absence of the LAN signal on its 

incoming working fiber, a general distribution link failure is assumed.  This is the link 

that interconnects ONUn-1 with ONUn.  On the other hand, each of the three special links 

(trunk, first and last distribution links) that are the junction of the OLT, ONU1, and 

ONUN requires its own different failure detection mechanism. As shown in Table 6.1, all 

three failure scenarios are detected and managed by the first ONU and each requires 

monitoring both the LAN and downstream signals. Thus, the first ONU is the only node 

that is required to monitor both the LAN and downstream signals.  The detection and 

recovery process for each and every link failure is identical, except for the above three 

special link failures, which require different detection and recovery mechanisms. 

 

Special Fiber Failure LAN signal Downstream Signal 
Trunk √ X 
Last Link X √ 
First Link X X 

 

Table 6.1 ONU1 failure detection table 

 

On the other hand, if the first control circuit of a given ONUn detects presence of the 

LAN signal on its incoming working fiber while the second control circuit detects 

absence of same signal (after being processed, regenerated, and retransmitted by ONU ) n
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) failure is assumed. While ONUon its outgoing working fiber, a node (ONUn n detects its 

own failure (via an APS module attached to it), however, as will be shown, managing the 

failure is delegated to the next node on the ring (ONUn+1). Thus, failure of the last ONU 

is also managed by the first ONU. This means that, overall; the first ONU manages all 

four special failure scenarios including the three special links plus the last node failures. 

The detection and recovery process for each and every node on the ring is identical, 

except for the last node, which requires a different recovery mechanism. 

 
 
6.3.2 Fully Distributed Recovery Processes  

In general, the recovery process is implemented via the participation of three cooperating 

network nodes including the affected node (ONU ), OLT, and either ONUn n-1 (in the case 

of a link failure)  (in the case of a node failure).   or ONUn+1

 
6.3.2.1 General Link Recovery: The successful completion of the recovery process of a 

given general link failure scenario involves the following steps:  

1) To avoid false failure detection, once the affected node (for instance ONUn) detects a 

given link failure (e.g., fiber cut), it must wait for a predetermined timeout.  

2) ONUn then performs the following three functions: i) stops both LAN and upstream 

transmissions; ii) switches to the incoming protection fiber; and iii) floods the network 

with a failure indication alarm message (first REPORT message) that includes specific 

instructions to ONUn-1 (to switch its transmission from outgoing working fiber to 

outgoing protection fiber), each and every other ONU (to stop both LAN and upstream 

transmissions), and OLT (to stop downstream transmission). 
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3) ONUn keeps flooding the network with the failure message expecting its failure frame 

to loop back to it via ONUn-1’s outgoing protection fiber.  

4) Upon receiving the failure message, each and every ONU on the ring stops LAN and 

upstream transmissions; likewise, OLT stops downstream transmission. 

 receives back its failure frame (assuming ONU5) Once ONUn n-1 has already switched to 

the outgoing protection fiber), it starts flooding the OLT with a second REPORT message 

requesting downstream resynchronization frames.  

6) Once the OLT receives a resynchronization request from ONUn, it resumes all 

downstream transmissions.  

7) Once ONUn receives resynchronization frames from the OLT, it initiates a new cycle 

(recovery process is now complete) by transmitting its normal REPORT control message 

to all other ONUs. Then, all ONUs sequentially send their REPORTs; once all reports are 

exchanged for LAN-DBA calculation of the new cycle, new grants are calculated and 

normal operation resumes. 

 
6.3.2.2 General Node Recovery: The recovery process of a general node failure involves 

the following steps:  

1) Once the APS module attached to a given node (for instance ONUn) detects its failure, 

it waits for a predetermined time period (timeout) and then initiates the process of 

reconfiguring its OS to the bypass mode by switching the incoming signal directly to the 

outgoing protection fiber via ports 2-6-7-4 (Figure 6.1). Due to its failure, ONUn cannot 

broadcast a failure indication message to its adjacent node (ONU ) or to any other node.  n+1
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’s APS module is initiating the switching process, ONU2) While ONUn n+1 detects the 

absence of LAN signal on its incoming working fiber and erroneously assumes a 

distribution link failure between itself and ONU . n

3) ONUn+1 then starts the process of a general link recovery (steps listed in Section 6.3.2 

above). 

4) ONUn+1 performs the following three functions: i) stops all transmissions; ii) switches 

to the incoming protection fiber; and iii) floods the network with a failure indication 

alarm message that includes specific instructions to ONUn (to switch its transmission 

from the outgoing working fiber to the outgoing protection fiber), each and every other 

ONU (to stop both LAN and upstream transmissions), and OLT (to stop downstream 

transmission).  

5) ONUn+1 keeps flooding the network with the failure message waiting to receive back 

its failure frame via ONU ’s outgoing protection fiber.  n

 cannot receive or process ONU ’s request message.  However, ONU6) ONUn n+1 n’s 

control circuit is already reconfiguring the OS to the bypass mode (switching to the 

outgoing protection fiber). In other words, ONUn’s APS module is indirectly 

implementing the request message. 

switches to the incoming protection fiber and ONU7) Once ONUn+1 n switches to the 

outgoing protection fiber (i.e., ONU  is bypassed), ONUn n+1 receives back its failure 

message and proceeds with steps 5 and 6 of the general link recovery process listed 

above. 

8) Once ONUn+1 receives resynchronization frames from the OLT, it initiates a new cycle 

by transmitting its normal REPORT message to all other ONUs. Then, all ONUs 
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 failure, ONUsequentially send their REPORTs.  In this case, however, due to ONUn n+1 

will not receive its REPORT.  ONUn+1 then recognizes that the absence of LAN signal is 

in fact due to the failure of ONU  (and is not due to a link failure) and that ONUn n is now 

in the bypass state.  

 starts the LAN-DBA calculation for the new cycle without ONU9) ONUn+1 n’s REPORT; 

new grants are calculated and normal operation resumes. 

 

 fails, it is ONUTwo comments are in order here.  First, note that when ONUn n+1 that 

undertakes the management of the recovery process assuming an erroneous failure 

scenario (link failure).  Second, note that the OLT’s role in the detection and recovery 

processes of both the general link and node failures has been so far limited to receiving 

and processing the affected ONU’s requests (failure indication and resynchronization 

messages).   

6.3.2.3 Special Failure Scenarios Recovery: The recovery mechanism of each of the 

four special failure scenarios including the three special links (trunk, first, and last links) 

as well as last node failure is almost identical and, in each case, requires the participation 

of all three nodes at the junction where the trunk intersects with the ring fibers (OLT, 

ONU , and ONU1 N), where all the involved parties must switch to the protection fiber.  

Note that it is the first ONU that manages all of these four special failure scenarios. All 

steps associated with the recovery of a general link/node failure described above are also 

applicable to these four special link/node failure scenarios except that the OLT’s role 

must be extended now to include switching its transmission to the trunk protection fiber.  
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There are two options to implement the switching process. The first option is to extend 

ONU1’s failure indication alarm message to include an additional request to the OLT to 

switch its transmission to the protection fiber. The second option is that the OLT itself 

must independently implement the switching process.  Note that upon either trunk, last 

link, or last node failure, the connectivity between ONU1 and OLT is lost and, therefore, 

the first option is not applicable.  This means that in each of these three special cases the 

OLT must independently stop downstream transmission and switch to the protection 

fiber. However, each and every failure scenario of these three cases cuts off the flow of 

the LAN signal to OLT. Thus, in each case of these three cases, the OLT can 

independently detect absence of the LAN signal and then automatically stops all 

downstream transmissions and switches to the protection trunk fiber.  Note that the final 

destination of ONU ’s first REPORT message is now the last ONU. 1

 

The fourth special failure scenario, “first link failure”, is the only special case where 

ONU1 can communicate with the OLT (connectivity is not lost) and, hence, flow of the 

LAN signal to the OLT is not interrupted.  In this case, the second option is no longer 

applicable and OLT must rely on ONU1’s additional request to switch its transmission to 

the protection trunk fiber. 

 

6.3.2.3.1 First Link Recovery Process: The recovery process of first link failure, shown 

by arrow-1 in figure 6.2 involves following steps: 1) The control circuit of ONU1’s APS 

module detects the absence of both downstream and LAN signals and, thus, identifies the 

failure as a first link failure (see Table 6.1). 2) ONU  then performs the following three 1
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functions: i) stops all transmissions; ii) switches to the incoming protection fiber; and iii) 

floods the network with an extended failure indication alarm message that includes 

specific instructions to both ONUN (to switch its transmission from the outgoing working 

fiber to the outgoing protection fiber) and OLT (to stop downstream transmission and 

switch to the protection trunk fiber). 3) Once all involved parties (OLT, ONU1 and 

ONUN) switch to protection fibers, the upstream/downstream signal path with the OLT is 

restored.   

 

Figure 6.2 First Link Failure (arrow-1), Last Node Failure (arrow-2)  

 

The recovery process of each of the other two special link failures (trunk and last link) is 

almost identical to that of the first link except for the following: 1) in step 2-iii above, 

ONU1 floods the network now with rather a short failure indication alarm message that 

includes no instructions at all to the OLT; 2) the OLT independently detect absence of the 

LAN signal and then automatically stops all downstream transmissions and switches to 

the protection trunk fiber.   
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6.3.2.3.2 Last ONU (ONUN) Recovery Process: The recovery process of last ONU 

failure, shown by arrow-2 in figure 6.2 involves following steps The recovery process of 

this node is identical to that of a last link failure.  This is because, as in the case of a 

general node failure, when ONUN fails, ONU1 undertakes the management of the 

recovery process assuming an erroneous link failure scenario (last link failure). 

Specifically, when ONUN fails, ONU1 detects the absence of the LAN signal and 

presence of downstream signal and, thus, erroneously assumes that the failure is a last 

link failure (see Table 6.1). ONU1 then floods the network with a short failure indication 

alarm message that includes specific instruction to ONUN (to switch its transmission from 

the outgoing working fiber to the outgoing protection fiber). Concurrently, the OLT 

detects absence of the LAN signal and automatically stops all downstream transmissions 

and switches to the protection fiber.  

 

Although ONUN cannot receive and/or process ONU1’s message due to its failure, 

however, as in the case of a general node failure, ONUN’s control circuit is already 

reconfiguring the OS to the bypass mode (switching to the outgoing protection fiber). In 

other words, ONUN’s APS module is indirectly implementing the message. 

 
6.4 Recovery Time Analysis 

Recovery time is defined here as the time from when a failure occurs to when service is 

fully restored and a new cycle resumes. The total recovery time is the sum of the 

following delay components:  
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1) Fault detection time, which is assumed here to be ~ 0 sec for all fault detection 

scenarios that are independently detected via an ONU without OLT’s participation. This 

is true for any and all network failure detection scenarios except for the three special 

failure cases (trunk, last link, and last node failures) where both ONU1 and OLT jointly 

participate in the detection process.  In each of these three cases, the detection time is 

taken as: Max (time it takes for OLT to detect absence of the LAN signal, time it takes 

for ONU  to detect the fault).   1

 

Since it takes for ONU1 ~ 0 sec to detect either the last link or last node failure, while it 

takes for OLT ~ 100 μs to detect absence of the LAN signal in either case, detection time 

for either the last link or last node failure is ~ 100 μs.  On the other hand, since it takes 

for ONU1/OLT approximately the same average time (~ 50 μs) to detect a trunk 

failure/absence of LAN signal (assuming that the cut occurs at the middle of the trunk), 

average detection time for a trunk failure is ~ 50 μs.  

 

2) Timeout, Ttimeout, to avoid false fault detection, which is assigned here an arbitrary 

value of 5.0 μs.   

 

3) REPORT/GATE transmission time, Ttransmission, (64*8 (bits) /1Gbits/s) = 0.5 μs). The 

recovery process requires two REPORT messages (failure indication message and 

synchronization request) and one GATE message (synchronization frame).  
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4) Time it takes for the REPORT/GATE message to travel from the source node/OLT to 

the OLT/source node. This is the propagation delay, Tpropagation, between the source node 

and the OLT (worst case scenario when the source node is ONU1), which has a maximum 

value of approximately 15 + 100 = 115 μs (corresponding to 3.14 km ring circumference 

+ 20 km trunk feeder).  Since there are two REPORT messages from the source node to 

the OLT and one GATE message from the OLT to the source node, worst case overall 

REPORT/GATE messages propagation delay ≈ 3 x T  = 345 μs.   propagation

 

This is true any and all network failure scenarios except for the three special failure cases 

listed in item 1 above, where total propagation delay for each of these cases is reduced by 

about 100 μs.  This is because, unlike all general failure scenarios where the first 

REPORT message sent by the affected ONU has to travel all the way down to the OLT, 

the first REPORT message, in each of these three special cases, however, only travels to 

the last ONU. Thus, the first REPORT’s propagation delay is now reduced from a 115 μs 

to ~ 15 μs (corresponding to just one trip around the ring).  Thus, in each of these three 

cases, total propagation delay is now reduced to about 245 μs. Note, however, that the 

reduction in total propagation delay is almost offset by the corresponding increase in the 

fault’s detection time associated with each of these three cases. 

 

5) REPORT/GATE message processing time, which is assumed here to be ~ 0 sec. 

 

6) One switching time, Tswitch, (in the case of a single failure), which varies according to 

the switching fabric.  
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Thus, the worst case general failure recovery time, T , is given by:  Recovery

 
            T = TRecovery   detection + Ttimeout + 3*Ttransmission + 3*Tpropagation + 3*Tprocess + T   switch
 

= 0.0 + 5.0 +3*0.5 + 3 (15 +100) + 0.0 + Tswitch

= 351.5 μs + Tswitch
 
The failure recovery time associated with each of the three special failures (trunk, last 

link, and last node) is almost the same as that of a general failure given above, since the 

50-100 μs reduction in total propagation delay is almost offset by the corresponding 100 

μs increase in the fault’s detection time associated with each. In general, the switching 

time is much longer than all other delay components combined and, therefore, the total 

recovery time is mainly dominated by the switching time.  

 
6.4.1 Recovery Process for Concurrent Double Failures 

The proposed fault detection and APS recovery mechanisms presented above for a single 

failure can also be combined to recover from any combination of concurrent double 

failures including trunk, distribution fiber, and node failures. Similar to the case of a 

single failure scenario, the recovery time is mainly dominated by Tswitch. However, 

depending on the combination of double failures, the recovery time in this case may vary 

from a minimum of one switching time to a maximum of several switching times.  Note, 

however, that the failure detection times and packet loss associated with concurrent 

double failures cases are similar to that of single failure cases.   

 

As an illustrative example, Figure 6.3 summarizes a three-phase recovery process for an 

arbitrary scenario of concurrent double failures {node (ONU  ) and distribution fiber link 2
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and ONU , Lconnecting ONU4 5 45}, where the recovery time is almost equal to two 

switching times.  

 

Figure 6.3 Concurrent Failures  (Node-2 & Distribution Link-5) 
 

Phase 1 

1. APS module attached to ONU2 detects the failure and initiates the process of 

reconfiguring its OS to the bypass mode by switching the incoming signal directly to the 

outgoing protection fiber.  

2. ONU3 detects absence of the LAN signal on its incoming working fiber and 

erroneously assumes a distribution link failure between itself and ONU . 2

3. ONU3 then starts the process of a general link recovery by switching to its incoming 

protection fiber.  

4. Concurrently, ONU5  detects absence of the LAN signal on its incoming fiber and then: 

i) switches to the incoming protection fiber; and ii) floods the network with a failure 

indication alarm message instructing ONU4 to switch its transmission from the outgoing 

working fiber to the outgoing protection fiber.   
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and ONU5. Both ONU3 5 keep flooding the network with failure messages expecting their 

failure frame to loop back to them via ONU and ONU2 4’s outgoing protection fibers, 

respectively. But these messages will not reach ONU /ONU due to L2 4 45/ONU  failure. 2

 

Phase 2 (After Tswitch): 

1. ONU2 has already switched to its outgoing protection fiber. Almost concurrently, 

ONU3 has also switched to its incoming protection fiber. Thus, connectivity between 

ONU  and ONU is now restored leading to the delivery of ONU2 3 5’s failure message to 

ONU . 4

 starts the process of switching to the outgoing protection fiber. 2. ONU4

 

Phase 3 (After Two Tswitch): 

1. ONU  completes the process of switching to its outgoing protection fiber. 4

 and ONU2. Connectivity between ONU4 5 is restored.  Thus, the optical path between 

nodes ONU , ONU , ONU , and ONU2 3 4 5 is reestablished and failure recovery is 

completed.  

 
 
6.5 Power Budget and Scalability of the Proposed Distributed 

Architecture 

The scalability of the proposed architecture is mainly limited by the concatenated 

OADMs insertion loss encountered by both downstream and upstream signals at each 

node. Compared to the normal state, the signals encounter the additional OS and tap 
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losses at each node. Since the control/LAN signal is regenerated at every node, typical 

limited power budget problem is totally eliminated.  

 

To examine the performance impact of downstream power budget we consider the worst-

case scenario by calculating the total Optical Distribution Network (ODN) loss (passive 

optical elements such as splitters, combiners, fibers, OADMs, OSs, connectors, and 

splices forming an optical path) incurred by downstream signal on its longest optical path 

from the OLT the last ONU.  Note that the worst-case scenario ODN incurred by 

upstream signal on its longest optical path from the first ONU to OLT is almost 

equivalent to that of the downstream signal.  

 

1st ONU  16th ONU 
COMPONENT LOSS # of 

Units 
# of 

Units Unit Loss Subtotal Unit Loss Subtotal
OLT TFF MUX. 4 x1 4 1 x1 1 
CIRCULATOR 0.6 x2 1.2 0.6 x2 1.2 

EXPRESS CH. N/A N/A N/A 1.4 x15 21 OADM 
ADD/DROP CH 1 x1 1 1 x1 1 

FIBER LOSS 0.2 dB/km 20 km 4 0.2dB/km 23 km 4.6 
RING MULTIPLEXER 0.3 x1 0.3 0.3 x1 0.3 

OPTICAL SWITCH 0.3 x2 0.6 0.3 x32 9.6 
TOTAL(dB) 11.1 38.7

 
Table 6.2 Downstream Power Budget Table for 1st ONU and 16th ONU for Fully 

Distributed Self Healing WDM PON Ring Architecture 
 

We assume a 20 Km trunk feeder fiber, first ONU is 20 km away from OLT, and last 

ONU is 23.2 km away from OLT (ring circumference is about 3.2 km). Table 6.2 lists 

best and worst case downstream power budge scenarios for the 1st and 16th ONUs, 

respectively. All listed parameters, which also include insertion loss, are for 
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commercially available components [13]. Total ODN loss incurred by downstream signal 

on its path to the last ONU is given by:        

 
OSNLxLNLLLxLLL OADM

DROP
Express
OADMMuxRing

fiber
Ring

fiber
trunk

circulator
trunk

NthONUNth
LossDownstream MUXOLT

*2)1(2_
_ ++−+++++=

                                                                                                                                (6.1) 

 
For instance, if N = 10 ONUs, the total ODN loss using equation 1 above (worst case) is 

~ 26.7 dB. Assuming that the OLT transmitted power into the fiber is 3 dBm per channel 

and allowing a 2dB power margin, a downstream receiver with - 25.8 dBm sensitivity is 

required at the last ONU to support 10 ONUs. On the other hand, the worst-case 

scenario ODN incurred by upstream signal on its longest optical path from the first ONU 

to OLT is almost equivalent to that of the downstream signal = 26.9 dB. Note that either 

downstream/upstream power budget demand on receiver parameters is still within a 

practical and commercial reach to support 10 ONUs.  

 

On the other hand, if N = 16 ONUs, the total ODN loss using Equation 2 above (worst 

case) is ~ 38.7 dB.  To accommodate such a high loss budget, commercially available 

erbium doped fiber amplifier (EDFA) can be used at the OLT to amplify the WDM 

downstream signal. Thus, assuming an EDFA with 15 dB average gain per channel, an 

OLT transmitted power into the fiber of 0 dBm per channel, and allowing a 2dB power 

margin, a downstream receiver with - 25.7 dBm sensitivity is required at the last ONU 

to support 16 ONUs.   

                          
 
 
Note that downstream/upstream power budget is still within a practical and commercial 

reach to support 10-16 ONUs. Note also that the 10-16 node limits is not a shortcoming 

 



  130

of an architecture that is specifically designed to support a private ring-based local 

access infrastructure within a 1-5 km diameter area. A typical large private organization 

would have at most 10-15 buildings within such geographically bounded area. To scale 

beyond 16 ONUs, higher transmitted power, avalanche photodetectors, and/or the use 

of FEC techniques are required.  

 

6.6 Hybrid Self Healing WDM-PON Ring Architecture  

Figure 6.4 illustrates the proposed self healing ring-based WDM PON architecture. The 

solid lines represent the normal state architecture while the dotted lines represent the 

redundant protection components. The protected architecture is identical to that of the 

normal working architecture except for the following additional components: i) a 

redundant short distribution fiber ring and a trunk fiber; ii) two 1x2 OSs located at the 

OLT; iii) an APS module located at each ONU; iv) a redundant OADM located at each 

ONU. 

 
6.6.1 Protected State Operation 

The APS module attached to both the working and protection OADMs is the basic 

building block of the proposed self-healing mechanisms that monitors the state of its 

adjacent distribution fiber paths as well as the node to which it is connected and performs 

both fault detection and automatic switching processes. As can be seen from Figure 1, 

each APS module houses four Optical Switches (OSs); two of which are 2x2 (switches B 

and C) and the other two are 2x1 (switches A and D).  Each OS can be connected directly 
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to one of the four add/drop ports of either the working OADM or the protection OADM. 

Note that port # 4 of switch B is permanently connected to port # 4 of switch C.  

 

The APS module also houses two detection circuits, where each circuit comprises a 

control circuit to configure the OSs, and a p-i-n detector (except the first detection circuit 

of ONU1, which has two p-i-n detectors).  The first detection circuit is used to detect the 

dropped LAN signal via taping a small portion (about 1%) of the incoming LAN signal. 

Likewise, the second detection circuit is used to detect the added LAN via taping a small 

portion (about 1%) of the outgoing LAN signal. The first ONU’s detection circuit is used 

to detect both the dropped LAN and corresponding downstream signals via taping a small 

portion (about 1%) of each incoming signal. 

 

As can be seen from Figure 6.4, under normal operation, each ONU attaches to the ring 

via the input port of the working OADM (this port attaches to the incoming working 

fiber, point win in Figure 6.4) and can transmit data onto the ring via the output port of the 

working OADM, which in turn attaches to the outgoing working fiber (point wout in 

Figure 1). Each OS is connected directly to one of the four add/drop ports of the working 

OADM, i.e., in the normal state, ports 1 and 3 of each switch is always connected.  

 

Under the protected state, each ONU attaches to the ring via the input port of the 

protection OADM (this port attaches to the incoming protection fiber, point pin in Figure 

6.4) and can transmit data onto the ring via the output port of the protection OADM, 

which in turn attaches to the outgoing protection fiber (point pout in Figure 6.4). Each OS 
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is connected directly to one of the four add/drop ports of the protection OADM, i.e., in 

the protected state, except in the case of a node failure, ports 2 and 3 of each switch is 

always connected.   

 

In general, we classify failure scenarios into three different classes, a trunk link failure, a 

general distribution link failure, and a general node (ONU) failure.  A general distribution 

link is defined here as a fiber segment that connects two adjacent ONUs. All links 

connecting adjacent ONUs are general distribution links except the following two special 

links, which require only different detection mechanisms: 1) the distribution fiber 

segment that connects the first ONU (ONU1) and the circulator; this link will be referred 

here as the first link; 2) the distribution fiber segment that connects the last ONU (ONUN) 

and the circulator; this link will be referred here as the last link.  All nodes distributed 

around the ring are general nodes except the last ONU, which has special significance. As 

will be shown below, all links and nodes that are at the trunk-ring junction (trunk, first 

and last links, first and last ONUs) have special significance.  
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Figure 6.4 Hybrid Self Healing WDM-PON Ring Architecture
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6.6.2 Hybrid Fault Detection and Recovery Mechanisms 

In this section, we present hybrid fault detection and recovery schemes where in this case 

both the ONUs and OLT jointly participate in the detection and subsequent recovery 

process.  As will be shown below, the main distinction between the distributed recovery 

schemes presented above and those of the hybrid schemes are: 

1. Under the hybrid approach, the distributed control plane running among the ONUs 

only enable them to independently detect and manage (but not to fully recover as it is the 

case in the distributed schemes) all networking failure scenarios, except for the three 

special cases (trunk, last link, and last node failures). Analogous to the distributed 

approach, the OLT that must independently detect the failure in each of these three 

special cases.  

2. Unlike the distributed approach presented above where the OLT switches to the 

protection fiber only during the three special failure cases, the successful completion of 

each and every hybrid recovery process requires the OLT to switch its transmission to the 

protection fiber.  

 
6.6.2.1 Hybrid Fault Detection Mechanisms  

Analogous to the distributed approach, the ONUs utilize same distributed control plane to 

directly communicate their status and exchange signaling and control message 

information with one another. Normal operation of the hybrid approach is also identical 

to that of the distributed approach presented above.  

 

In the event of a failure scenario, the REPORT message flooded by the affected ONU 

typically contains a failure indication alarm message with specific instructions to the 
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OLT as well as all ONUs.  Analogous to the distributed approach, since the LAN signal 

is always present on the ring and the trunk (cyclic control message is always transmitted 

independent of the presence or absence of LAN data), general failure detection scenarios 

(general distribution link and node failures) will primarily be based on detecting 

absence/presence of the LAN signal only. Thus, all ONUs are continuously monitoring 

the status of the LAN signal on both incoming and outgoing fibers.  

 

If the first control circuit of a given ONUn detects absence of the dropped LAN signal on 

the working OADM’s LAN drop port, a general distribution link failure is assumed. This 

is the link that interconnects ONUn-1 and ONUn. On the other hand, each of the three 

special links (trunk link, first and last distribution links) that are the junction of OLT, 

ONU , and ONU1 N requires its own different failure detection mechanism.  As shown in 

table 6.1, all three failure scenario are detected and managed by the first ONU and each 

requires monitoring both the dropped LAN and corresponding downstream signals.  

Thus, the first ONU is the only node that is required to monitor both dropped LAN and 

downstream signals. Though general link’s failure detection mechanism is different than 

that of each of the three special links, the recovery processes, however, are almost 

identical for both general and special link failures.   

 

On the other hand, if the first control circuit of a given ONUn detects presence of the 

dropped LAN signal on the working OADM’s LAN drop port, while the second control 

circuit detects absence of same added signal (after being terminated, regenerated, and 

retransmitted by ONU ) on the working OADM’s LAN add port, a node (ONU ) failure n n
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is assumed. Analogous to the distributed approach, managing ONUn failure is delegated 

to the next node on the ring (ONUn+1). Thus, the first ONU manages all four special 

failure scenarios including the three special links plus last node failures. The detection 

and recovery process for each and every node on the ring is identical. Though, as will be 

shown below, the OLT plays a more active role in the case of three special failure cases 

(trunk, last link and last node failures).  

 
6.6.3 Hybrid Recovery Processes 

In general, the recovery process is implemented via the participation of all network nodes 

including the OLT and all ONUs.  

 

6.6.3.1 General Link Recovery 

The successful completion of the recovery process of a given general link failure scenario 

involves the following steps:  

1) To avoid false failure detection, once the affected node (for instance ONUn) detects a 

given fiber break, it must wait for a predetermined timeout. 

2) ONUn then performs the following three functions: i) stops both LAN and upstream 

transmissions; ii) floods the network with a failure indication alarm message (first 

REPORT message) that includes specific instructions to each ONU (to stop both LAN 

and upstream transmissions and to switch to the protection fiber) and the OLT (to stop 

downstream transmission and switch its transmission to the protection trunk fiber); and 

iii) switches to the protection fiber (via reconfiguring the four OSs such that each OS is 

now directly connected to the protection OADM, i.e., ports 2 and 3 of each switch is now 

connected).  
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3) ONUn keeps flooding the network with the failure message expecting its failure frame 

to loop back to it via ONUn-1’s outgoing protection fiber. 

4) Upon receiving the failure message, each and every ONU stops all transmissions and 

then initiates the process of switching to the protection fiber via reconfiguring the four 

OSs housed in its APS module; likewise, the OLT, upon receiving the failure message, 

stops downstream transmission and then initiates the process of switching to the 

protection trunk fiber.  

 receives back its failure frame (assuming all ONUs including ONU5) Once ONUn n as 

well as OLT have already switched to protection fiber), it starts flooding the OLT with a 

second REPORT message requesting downstream resynchronization frames. 

6) Once OLT receives resynchronization request from ONUn, it sends RESYNC frames 

to each ONU via its dedicated downstream channel, and then resumes downstream 

transmissions.  

7) Once ONUn receives resynchronization frames from the OLT, it initiates a new cycle 

(recovery process is now complete) by transmitting its normal REPORT control message 

to all other ONUs. Then, all ONUs sequentially send their REPORTs; once all REPORT 

messages are exchanged for LAN-DBA calculation of the new cycle, new grants are 

calculated and normal operation resumes. 

 

6.6.3.2 General Node (ONU) Recovery 

The recovery process of a general node failure involves the following steps:  

1) Once the APS module attached to a given node (for instance ONUn) detects its failure, 

it waits for a predetermined time period (timeout) and then initiates the process of 
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reconfiguring its OSs to the bypass mode to switch the incoming/dropped LAN signal 

(via the protection OADM) directly to the outgoing protection fiber (thus bypassing 

ONU ) via ports 2-4-4-2 of OSs B and C, respectively.  Due to its failure, ONUn n can’t 

broadcast a failure indication message to its adjacent node (ONUn +1) or to any other 

node.  

’s APS module is initiating the switching process, ONU2) While ONUn n+1 detects 

absence of the LAN signal on its incoming working fiber and erroneously assumes a 

distribution fiber break between itself and ONU . n

3) ONUn+1 then starts to implement steps 1-2 of the general link recovery listed above. 

4) ONUn+1 keeps flooding the network with the failure message expecting its failure 

frame to loop back to it via ONU ’s outgoing protection fiber. n

 can’t receive or process ONU ’s request message. However, ONU5) ONUn n+1 n’s APS 

module is already reconfiguring its OSs to the bypass mode. 

 receives back its control frame (assuming that ONU6) Once ONUn+1 n has already 

switched to the bypass mode and that all remaining ONUs as well as OLT have already 

switched to protection fiber), it starts flooding the OLT with a second REPORT message 

requesting downstream resynchronization frames. 

7) Once ONUn+1 receive resynchronization frames from OLT, it initiates a new cycle by 

transmitting its normal REPORT to all other ONUs. Then, all ONUs sequentially send 

their REPORTs. In this case, however, due to ONU  failure, ONUn n+1 will not receive its 

REPORT.  ONUn+1 then realizes that the absence of the LAN signal is in fact due to 

ONU  failure (and is not due to a fiber break) and that ONU  is now in bypass state.  n n
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 starts LAN DBA calculation for the new cycle without ONU8) ONUn+1 n’s REPORT; 

new grants are calculated and normal operation resumes. 

Note that upon a node failure, once the OLT has been informed, TDS flows that are 

utilizing the failed node’s LAN queue (if there are any) are either redirected back to their 

dedicated downstream queues (if possible) or dropped by the flow scheduler at the OLT.  

 
6.6.3.3 Special Failure Scenarios Recovery  

As indicated above, the recovery mechanism of each of the three special link failures 

including trunk, first, and last links is almost identical to that of a general link failure 

described above. In addition, the recovery process of the last node failure is almost 

identical to that of a general node failure presented above. Thus, under the hybrid 

approach, there are only two different standard recovery schemes, one for all link failures 

and the other one for all node failures including both general and special links and nodes. 

Though the steps implemented in each of these standard recovery schemes are identical 

for either general or especial link/node failure, there is, however, a slight distinction 

between general and special failure (trunk, last link, and last node) recovery only in terms 

of the mechanism that drives the OLT switching process.          

 

Analogous to the distributed approach, upon trunk, last link, or last node failure, the 

connectivity between ONU1 and OLT is lost. Therefore, rather than relying on control 

instructions (first REPORT message) typically received from the affected ONUs in all 

other general failure scenarios, the OLT, in each of these three special failure scenario, 

must independently detect absence of the LAN signal and switches to the protection fiber.  

As in the case of the distributed approach, each and every failure scenario of these three 
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cases cuts off the flow of the LAN signal to OLT. Thus, in each case of these three cases, 

the OLT can independently detect absence of the LAN signal and then automatically 

stops all downstream transmissions and switches to the protection trunk fiber.   

 

6.6.4 Recovery Time Analysis 

The recovery time analysis of the hybrid approach is identical to that of the distributed 

approach and, in general, the total recovery time is mainly dominated by the switching 

time. However, in the case of concurrent double failures, in contrast to the distributed 

approach where the recovery time, depending on the combination of double failures, vary 

from a minimum of one switching time to a maximum of several switching times; the 

recovery time of the hybrid approach is independent of the combination of double 

failures, and always equal to just one switching time.  

 
6.6.5 Power Budget & Scalability of the Proposed Architecture 

The scalability of the proposed architecture is mainly limited by the concatenated 

OADMs insertion loss encountered by both downstream and upstream signals at each 

node. Compared to the normal state, the signals encounter almost no additional loss 

except for a negligible 0.6 dB loss associated with the OS located at the OLT and an 

ONU. Since the control/LAN signal is regenerated at every node, typical limited power 

budget problem is totally eliminated.  

 

Analogous to the distributed approach, the performance impact of downstream power 

budget is examined by considering the worst-case scenario via calculating the total 

Optical Distribution Network (ODN) loss incurred by downstream signal on its longest 
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optical path from the OLT the last ONU.  Note that the worst-case scenario ODN loss 

incurred by upstream signal on its longest optical path from the first ONU to OLT is 

almost equivalent to that of the downstream signal.  

 

We assume a 20 Km trunk feeder fiber, first ONU is 20 km away from OLT, and last 

ONU is 23.2 km away from OLT (ring circumference is about 3.2 km). Table 6.2 lists 

best and worst case downstream power budge scenarios for the 1st and 16th ONUs, 

respectively. All listed parameters, which also include insertion loss, are for 

commercially available components [13].  Total ODN loss incurred by downstream 

signal on its path to the last ONU is given by: 

                                                                                                                                        (6.2) OSLxLNLLLxLLL OADM
DROP

Express
OADMMuxRing

fiber
Ring

fiber
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For example, if N = 16 ONUs, the total ODN loss using the above equation (worst case) 

is 29.7 dB.  Assuming that the OLT transmitted power into the fiber is 3 dBm per channel 

and allowing a 2dB power margin, a downstream receiver with -28.7 dBm sensitivity is 

required at the last ONU to support 16 ONUs. Note that either downstream/upstream 

power budget demand on receiver parameters is still within a practical and commercial 

reach to support 16 ONUs.  Note also that the power budget of the hybrid protection 

architecture is almost identical to that of the normal state.  

 

 

 

 

 



  142

6.6.6 Simulation Results 

In this section, we assess the feasibility of the proposed distributed detection and 

recovery schemes. An event-driven packet-based simulation model was developed using 

C++. The traffic model used here is the same as that reported in [2, 17] where each ONU 

is modeled as an on/off source, with Pareto distribution to capture the self-similar nature 

of Ethernet traffic. The performance metric used here is the average traffic loss for 

upstream, downstream, and LAN traffic. To simplify the analysis, it is assumed that 

downstream and upstream traffic may utilize only dedicated wavelength channels and 

that dynamic wavelength sharing is not allowed. This assumption only reduces the 

computational complexity but doesn’t alter the qualitative analysis and/or the general 

conclusions.  

 

The following are the system parameters assumed in the simulation: 1) an WDM-PON 

system with 16 ONUs; 2) line rates of all channels including downstream, upstream, and 

LAN channels are all equal, each operating at 1 Gbps; 3) each ONU houses two queues, a 

LAN queue and a dedicated upstream queue, each with 10 Mbits size; 4) OLT houses 16 

queues, each corresponds to a given ONU with 10 Mbits size;  5) LAN link data rate 

from users to an ONU is 100 Mbps; 6) downstream link data rate from backbone to each 

dedicated queue at the OLT is 2Gbps; 7) access upstream link data rate from users to an 

ONU is 2 Gbps; 8) maximum LAN cycle, TLAN = 2 ms; 9) the distance between OLT and 

ONUs varies from 20 km to 23 km (ring circumference ≈ 3 km); 9) IEEE 802.3ah MPCP 

REPORT/GATE message is 64 bytes; 10) the LAN DBA scheme used here is the same 

as that reported in [17].   
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All network downstream, upstream, and LAN traffic are treated as best effort traffic, i. e., 

all arriving frames at OLT and ONUs are queued at the corresponding 

downstream/upstream /LAN queues in a first-in-first-out (FIFO) order.  For simplicity, 

we assume that all ONUs have equal average traffic load including downstream, 

upstream, and LAN traffic loads. We randomly generate various types of failures and 

measure the corresponding upstream, downstream and LAN traffic loss.  Each point in 

the simulation results corresponds to a sample of 100 million packets averaged over three 

different runs.  

 

Note that the number of downstream/upstream WDM channels that experience traffic 

loss depends on both the type and location of failure. For instance, in the case of a trunk 

failure, all downstream and upstream channels experience loss. However, in the case of a 

distribution link failure, downstream channels destined to those ONUs that are located on 

the ring right after the failure point are the only ones that experience loss. On the 

contrary, upstream channels corresponding to those ONUs that are located on the ring 

before the failure point are the only ones that experience loss (Note that all downstream, 

upstream, and LAN signals are transmitted in clockwise direction). Thus, in the case of a 

last/first link failure, all upstream/downstream channels experience loss but none of the 

downstream/upstream channels does. On the other hand, in the case of a node failure, 

none of the down/upstream channels experience loss except for the downstream channel 

that is being terminated (dropped) at the failed node.  This is due to the fact that nodes are 

uncoupled from the ring via OADM which is attached to each node (see figure 6.1).  
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Figure 6.5 shows total downstream traffic loss versus average down-link network load for 

several different network failure scenarios including trunk failure, first link failure, fifth 

link failure(link between ONU  and ONU ),  fifteenth link failure (link between ONU4 5 15 

and ONU16), and node failure. Note that downstream traffic loss depends on four factors: 

1) offered network load; the higher the load the higher the traffic loss. 2) existing traffic 

on the trunk and distribution ring at the time of the failure. 3) the duration from when a 

failure occurs to when the OLT detects absence of the LAN signal (only in the case of the 

3 special failures, trunk, last node, and last link) or receives a failure indication message 

from the affected ONU instructing it to stop further downstream transmissions (in all 

other failure cases). 4) type and location of failure.   
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Figure 6.5.  Average downstream traffic loss for different failure scenarios 
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As expected, as can be seen from Fig. 6.5, a node failure causes the least amount of 

traffic loss while a first link failure causes the most. Downstream traffic experiences the 

maximum loss in the case of the first link failure for the following two reasons: 1) all 

downstream channels experience loss; and 2) the duration of traffic loss, i. e., the interval 

from when a failure occurs to when the OLT receives a failure indication message from 

ONU1 instructing it to stop further downstream transmissions is the longest (maximum 

propagation delay between ONU1and the OLT). In this case, average traffic loss per 

channel includes existing traffic on the trunk fiber at the time of failure (~100 µs) as well 

as traffic transmitted by OLT during the duration form the instant of failure occurrence 

until it receives alarm indication message from ONU1 instructing it to stop further 

downstream transmissions (5 µs + 115 µs + 0.5 µs ~ 121 µs). Thus, total downstream 

traffic loss per channel in the case of a first link failure is equivalent to ~221 µs of 

transmitted traffic by OLT.   

 

On the other hand, in the case of a node failure, none of the downstream channels 

experience loss except for the downstream channel that is being terminated (dropped) at 

the failed node and, thus, downstream traffic loss is minimal.  Analogous to the first link 

failure, though all downstream traffic experiences loss in the case of a trunk failure, 

however, as can be seen form Figure 6.5, the traffic loss is less than that of a first link 

failure.  This is because the duration of traffic loss in the case of a trunk failure (~55 µs) 

is less than that of a first link failure (~ 121 µs).  Assuming that fiber cut occurs at the 

middle of the trunk, downstream traffic loss per channel includes existing traffic already 

on the trunk fiber at the time of failure (~50 µs) as well as traffic transmitted by OLT 
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during the duration form the instant of failure occurrence up to the time when it is able to 

detect the failure and stops further transmission (detection time + timeout ~55 µs).  Thus, 

total downstream traffic loss per channel in the case of a trunk failure is equivalent to 

~105 µs of transmitted traffic by OLT.   

 

Figure 6.6 shows total upstream traffic loss versus average network load for several 

different network failure scenarios including trunk failure, last link failure, fifth link 

failure, fifteenth link failure and last link failure. Note that upstream traffic loss also 

depends on the same four factors listed above except that it is now the affected ONU that 

must detect the failure and notify all other ONUs to stop upstream transmissions.  As can 

be seen from Figure 6.6, in contrast to downstream traffic loss, the fifth link failure 

causes the least amount of traffic loss while a trunk failure causes the most.  This is 

because the average time it takes for ONU1 to detect a trunk failure (50 µs) is much 

longer than that taken by any other ONU to detect any and all other general failure 

scenarios (~ 0 sec).   
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Figure 6.6.  Average upstream traffic loss for different failure scenarios 
 

Assuming that a fiber cut occurs at the middle of the trunk, average upstream traffic loss 

per channel  includes existing traffic on the fibers (trunk + distribution ring) at the time of 

failure (equivalent to ~ 65 µs of transmitted traffic), traffic lost during ONU1’s detection 

time (equivalent to 55 µs of transmitted traffic), traffic lost during ONU1’s REPORT 

transmission time (equivalent to ~0.5 µs of transmitted traffic), traffic lost during 

REPORT propagation to the ONUs on the ring, plus average traffic lost during 

REPORT’S propagation time around the ring to notify all other ONUs to stop upstream 

transmission (equivalent to ~1 to 15 µs of transmitted traffic). Thus, average upstream 

traffic lost per ONU in the case of a trunk failure is equivalent to ~ 121 µs of transmitted 

traffic by the ONUs.   
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In the case of last link failure, upstream traffic lost includes existing traffic on the ring at 

the time of failure (equivalent to ~1-15 µs of transmitted traffic  depending on whether 

the failure occurs near the beginning or the end of the ring, respectively), traffic lost due 

to timeout period (~5 µs), traffic lost during ONU1’s REPORT transmission time 

(equivalent to 0.5 µs of transmitted traffic), plus traffic lost during REPORT’s 

propagation time around the ring to notify all other ONUs to stop upstream transmission 

(equivalent to ~1-15 µs of transmitted traffic). Thus, in the case of a general link/node 

failure, average upstream traffic loss per ONU is equivalent only to ~ 22 µs of 

transmitted traffic by ONUs.   

 

Fig. 6.7 shows LAN traffic loss versus offered LAN load for a node/distribution link 

failure scenario. In the case of a node or distribution link failure, LAN traffic loss 

includes following components; 1) traffic loss due to existing traffic on the ring at the 

time of failure (~1 to 15 µs), 2) traffic loss due to timeout period (5 µs), 3) traffic loss due 

to REPORT transmission time (0.5 µs), 4) traffic loss due to REPORT propagation time 

to all other ONUs (~1 to 15 µs). Thus total LAN traffic loss is equivalent to ~21 µs of 

transmitted traffic by ONUs.  
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Figure 6.7.  LAN traffic loss based on node and distribution link failure 

 

 

6.7 Conclusion 

This chapter proposed two different self healing architectures for the proposed WDM-

PON ring architecture which are fully distributed self healing WDM-PON ring 

architecture and hybrid self healing WDM-PON ring architecture. Both architectures 

provide simple and cost-effective resilience capabilities against any and all kinds of 

networking failures. Both of the proposed schemes are capable of protecting against both 

node (ONU) and distribution/trunk fiber failures. These schemes enable the restoration of 

all network traffic including upstream, downstream, and LAN data. The proposed 

schemes can also protect against any combination of concurrent double failures including 

trunk/distribution fiber breaks and node failures.  

 



  150

 

The simulation results indicate that the performance of the both schemes, including 

traffic loss and restoration speed outperforms the standard schemes which are 

recommended by ITU-T G.983.1. Furthermore, the recovery time associated with any 

and all different distribution network/trunk failures is still within the delay-bound limit 

required for delivering guaranteed triple play services.   
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Chapter 7 
 
 
Conclusions and Future Work 

 

7.1 Conclusion 

This dissertation has examined the technological requirements and assessed the 

performance analysis and feasibility for implementing a novel WDM-PON-based FTTH 

broadband access architecture that addresses the key limitations of conventional tree-

based PON architectures including: a) providing a simple and cost-effective fully 

distributed/hybrid  resilience capabilities against most types of networking failures; b) 

supporting private networking capability as well as dynamic allocation and sharing of 

network resources. Specifically, we have proposed and devised a novel self healing ring-

based local access C/WDM-PON architecture that efficiently supports dynamic allocation 

of wavelengths/ timeslots and sharing traffic as well as truly direct private connections 

among PON end users. The proposed architecture combines the salient features of both 

traditional static WDM-PON (i.e., dedicated connectivity to all subscribers with bit rate 

and protocol transparencies, guaranteed QoS, and increased security) and dynamic 

WDM-PON (i.e., efficiently utilizing network resources via dynamic wavelength 

allocation/sharing among end users). The simulation results have indicated that the 

performance of the proposed WDM-PON ring scheme in terms of throughput can exceed 

the dedicated capacity by making use of unused capacity of idle or lightly loaded 

channels. 
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We have also proposed two different self healing architectures for the proposed WDM-

PON ring architecture, namely fully distributed self healing WDM-PON ring architecture 

and hybrid self healing WDM-PON ring architecture. Both architectures provide simple 

and cost-effective resilience capabilities against any and all kinds of networking failures. 

Both of the proposed schemes are capable of protecting against both node (ONU) and 

distribution/trunk fiber failures. These schemes enable the restoration of all network 

traffic including upstream, downstream, and LAN data. The proposed schemes can also 

protect against any combination of concurrent double failures including trunk/distribution 

fiber breaks and node failures. The simulation results have indicated that the performance 

of the both schemes, including traffic loss and restoration speed outperforms the standard 

schemes which are recommended by ITU-T G.983.1. Furthermore, the recovery time 

associated with any and all different distribution network/trunk failures is still within the 

delay-bound limit required for delivering guaranteed triple play services.   

 

7.2 Future Work 

In this dissertation, we proposed the ring-based WDM-PON solution to some of the 

obstacles of legacy WDM-PON architectures. The theoretical analysis and simulation 

results were presented to demonstrate the advantages of the proposed approach. Although 

results of simulation experiments were shown, the ultimate test would require 

implementing the proposed algorithms in real network with realistic traffic. Therefore, 

physical experiments (test bed) to observe real life implications of the proposed approach 

would be an avenue of future investigation. 
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One of the future works would be to develop a quality of service (QoS) algorithm over 

proposed WDM-PON ring architecture. Providing triple play services to end-user by 

meeting the traffic engineering criteria of each class of service (CoS) is very important in 

today’s networks 

 

Another area of future work would be network security. The way the proposed 

architecture works is that one ONU traffic (LAN/WAN) passes through the other ONUs. 

It raises security concern. Therefore, one of the areas to explore in future would be 

security related issues on this architecture. 
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Abbreviations 

ADSL Asymmetric Digital Subscriber Line 

ATM Asynchronous Transfer Mode 

AON Active Optical Network 

APON Asynchronous Transfer Mode Optical Network 

APS Automated Protection Switching 

AWG Arrayed Waveguide Grating 

BPON Broadband Passive Optical Network 

BE Best Effort 

CDMA Code Division Multiplexing Access 

CMTS Cable Modem Termination System 

CO Central Office 

CRC Cyclic Redundancy Check 

CWDM Coarse Wavelength Division Multiplexing 

DBA Dynamic Bandwidth Allocation 

DRR Deficit Round Robin 

DSL Digital Subscriber Loop 

DSLAM Digital Subscriber Line Access Multiplexer 

DWDM Dense Wavelength Division Multiplexing 

EDFA Erbium Doped Fiber Amplifier 

EFMA Ethernet in the First Mile Alliance 

EPON Ethernet Passive Optical Network 
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ESCON Enterprise System Connection 

FDDI Fiber distributed data interface 

FEC Forward Error Correction 

FICON Fiber Connectivity 

FIFO First In First Out 

FN Fiber Node 

FSAN Full Service Network Access 

FTTB Fiber-to-the-Building 

FTTC Fiber-to-the-Curb 

FTTCab Fiber-to-the-Cabinet 

FTTH Fiber-to-the-Home 

FTTN Fiber-to-the-Node 

GPON Gigabit Passive Optical Network 

HFC Hybrid Fiber Coaxial 

IFG Inter-frame Gap 

IEEE Institute of Electric and Electronic Engineers 

IETF Internet Engineering Task Force 

IPACT Interleaved Polling with Adaptive Cycle Time 

IPTV Internet Protocol Television 

ISDN Integrated Services Digital Network 

ITU International Telecommunications Union 

LAN Local Area Network 

LLC Logical Link Control 
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MAC Media Access Control 

MAN Metropolitan Area Network 

MPCP Multi-Point Control Protocol 

NRZ Non Return to Zero 

NSPQ Non Strict Priority Queuing 

OADM Optical Add Drop Multiplexer 

OAM Operations and Maintenance 

OLT Optical Line Terminal 

ONU Optical Network Unit 

ONT Optical Network Terminal 

OUT ONU Under Test 

PON Passive Optical Network 

POTS Plain Old Telephony System 

PRBS Pseudo Random Bit Sequence 

PtMP Point-to-Multi Point 

QoS Quality of Service 

SC Star Coupler 

SDMA Subcarrier Division Multiplexing Access 

SLA Service Level Agreement 

SNR Signal to Noise Ratio 

SP Service Provider 

SPQ Strict Priority Queuing 

SRF Shortest Request First 
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SWS Shared Wavelength Scheduling 

RTT Round Trip Time 

TC Transient Counter 

TDMA Time Division Multiplexing Access 

TDS Transient Downstream Traffic 

TFF Thin Film Filter 

TUS Transient Upstream Traffic 

VDSL Very High Speed DSL 

VoD Video on Demand 

VOIP Voice over Internet Protocol 

WAN Wide Area Network 

WDM Wavelength Division Multiplexing 

WDMA Wavelength Division Multiplexing Access 
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