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ABSTRACT 
 

 

There is an ongoing evolution of technology towards network convergence and 

ubiquitous information society in which users have broadband access to information 

resources and services anywhere, anytime. To realize this vision, a communication 

infrastructure has to be able to support a core backbone network delivering ultra-high 

capacity data services, a ubiquitous broadband wireless for last-mile access, and a 

control/management plane providing intelligent control to the infrastructure. Desirable 

characteristics of the infrastructure include insertion of future technology, intelligent 

spectrum management, cost-efficient upgradeability, flexible scalability, and cognitive 

networking capabilities. Unfortunately, present electronic technology alone is incapable 

of meeting these requirements.  

This dissertation describes the initial research into the realization of such an 

architecture that comprises of three crucial frameworks: 1) photonic-based; 2) dynamic 

chain processing; 3) and physical layer awareness. Due to the superior signal transport 

properties of optics, an underlying photonic data layer is able to provide the architecture 

with much wider bandwidth, greater RF-frequency-scalability, and higher operating RF-

frequency. Photonics also enables diverse technologies to be integrated into a seamless 

communications platform. Dynamic processing chain framework provides the flexibility 

and future-proof capability via reconfigurability and componentization. Physical-layer-

awareness offers support for automated adaptation and intelligent configuration of the 

data plane in response to the dynamic conditions of the physical layer. Crucial functional 
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blocks in this awareness are: efficient estimation of physical impairments of the 

components and links; an effective dynamic impairment monitoring mechanism; and 

proficient adaptation to either maximize or optimize performance.  

Though the architecture encompasses both optical transport network (OTN) and 

photonic radio, this dissertation focuses more on the OTN. Central themes of OTN in this 

dissertation include relating Q-factor with various optical impairments from the 

perspective of an end-to-end optical path, and extending physical layer awareness with 

impairment routing. One of the key findings advocates that filtering is a serious limitation 

to bit-rate independence, protocol independence and network scalability promised by 

transparent network.  
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1. INTRODUCTION 

 

Voice and data communications networks have improved tremendously over the past 

three decades. Enabled by the vast increases in inexpensive processing power and signal 

processing, end user applications have evolved from analog voice and simple text-based 

data communications to sophisticated multi-media capable tools for business and 

entertainment. The bandwidth requirements for these customer driven applications have 

provided the business case for the development of increasingly advanced technologies for 

voice and data communications in both the RF and optical domains.  

 

The need to greatly increase the information carrying capacity of both wired and wireless 

channels is one of the leading factors driving continuous research to develop more 

sophisticated algorithms and devices. Optical fiber networks and radio communications 

have been the focus technologies for research. Optical fiber-based backbone networks 

using the legacy SONET protocols provide the underlying transport for the present 

service providers. Recent advances in photonic devices, such as lasers and modulators, 

are ready to be deployed for the next generation optical networks. 

 

At the RF domain, advances in silicon technologies such as analog-to-digital converters 

(ADC), digital signal processors (DSP), and reconfigurable field programmable gate 

arrays (FPGA), have led to a new design paradigm for radios. In this paradigm a large 
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portion of the communication functionality is implemented in software. This design 

approach is known as software radio, or software defined radio (SDR). 

 

The following sections of this introduction provide the context for this dissertation by 

giving an overview of these two technologies at the forefront of advances in 

communications networks, particularly the optical transport network. First, we give an 

overview of today’s communication networks, followed by background description on 

both optical transport network (OTN) and software defined radio (SDR). Though this 

dissertation focuses on all-optical network, we include topics on software-defined radio 

since photonic radio forms also another important component of our envisioned dynamic 

chain architecture. Various dynamic chain concepts and analysis developed for digital 

OTN will be applied to the photonic RF chain in the near future. Introduction to the 

photonic RF chain will be described in the chapter on architecture. Finally, the last 

sections of this chapter will be the problem statements, research objectives, proposed 

research task, and research methodology.  

 

Although not discussed in depth, video transmission over fiber is another technology that 

can be expected to converge and be integrated with OTN and photonic radio. 

Applications of video transmission over fiber include teleclassrooms, teleconferencing, 

high-resolution imaging, and HDTV.  
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1.1. The Basic Overview of Communication Networks 

Figure 1-1 shows the basic structure of today’s communication networks, which are made 

up of broadcast networks, data networks, telecom (voice) networks, satellite networks 

and transport networks [1].   

 

 

Figure 1-1  The overall structure of today’s communication network [2] 

 

As the name suggests, broadcast networks are designed mainly for one-way 

communications in which source provides content to many downstream users. Obvious 

examples of broadcast networks include television and radio networks. Unlike a 

broadcast network, data networks and telecom networks carry traffic in both directions 
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(users to networks and networks to users). Data networks have evolved separately from 

the telecom network to support communications between computers running data 

processing applications. Examples of these networks include Local Area Networks (LAN) 

and the well-known Internet. The telecom network, or Public Switched Telephone 

Network (PSTN), is our telephone network which is a voice-centric technology that has 

evolved over some 100 years. In the early days of the public Internet (circa1995) the 

PSTN was usually the only way that the home users could gain access to data networks. 

Now the home data network access has been extended to additional technologies, 

including cable TV (CATV) and Digital Subscriber Lines (DSL). 

 

Broadcast networks normally stand on their own, and do not share any infrastructure with 

the data or telecom networks. The signal is most often originated from one station, and 

subsequently relayed via the relay stations or satellite to the end-users. Comparatively, 

telecom, data, and transport networks can now generally be viewed as a single entity. 

Both telecom and data networks share portions of their infrastructure in transport network.  

 

Both telecom and data networks can be collectively categorized as access networks. In 

access networks, smaller data streams from many users are collected and multiplexed into 

larger data flows in order to be fed into transport networks. This collection of data 

streams is normally performed in a centralized service fashion, in which all the physical 

links of the users of both telecom and data networks, are physically connected to 

telephone companies, Internet Service Providers (ISP), or cable TV providers. The 
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physical links can include a wide variety of technologies such as wireless, Ethernet, 

CATV cable, and telephone lines. 

 

The function of transport networks is to provide fast data transfer as efficiently and error-

free as possible. Geographically, transport networks can be divided into metro area 

networks (MAN) or wide area networks (WAN). The MAN is smaller in scale compared 

to WAN, and a MAN is deployed for the service within a city. A WAN is extended to 

national or international scale, and often referred as a long-haul backbone network. A 

MAN collects data from a few access networks into even larger data streams and then 

feeds them into the WAN. These larger data flows are transported at very high speed in 

the backbone network. Transport networks today are mainly based on optical fibers. 

Compared to electrical technology, optical fiber technology offers higher bandwidth with 

lower cost.  

 

The failure of a transport network constitutes a disastrous (and potentially expensive) 

disruption for communication. Hence, there are certain functionalities required from the 

underlying network. Transport networks are mainly composed of fixed point-to-point 

links which are seldom altered. As stated, the most important function of transport 

networks is to “carry” the data from one end to the other as fast as possible, as error-free 

as possible, and without deeper processing of its content. Thus, the transporting 

functionalities are mainly concentrated on switching traffic among links and monitoring 
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the link state and the traffic flow. Reference [2] gives a good overview on major 

functionalities provided by transport networks: 

• Configuration, routing and maintenance — before the routes are established, the 

network needs to configure the path, and set aside the network resources (routers, 

physical links, etc). The network has to automatically re-configure the routes 

upon any physical links cut or routers’ failure. Transport network has to be able to 

detect new nodes/routers for future or more efficient route planning. Once, the 

route is formed, it becomes a “virtual circuit link” between two end-points. 

• Resource allocation — before setting up a path from data streams, transport 

networks have to allocate physical resource for such a path. The resource includes 

routers, switches, and physical links. This function is also responsible for 

computing the available bandwidth between connections or data flows. Higher 

priority flows will have stable connections and lower priority traffic is transported 

if there is still bandwidth left in the transportation pipe. 

• Data streams forwarding — this function is responsible for the forwarding or 

“guiding” of data streams, which is normally performed by the routers. There are 

many routers along the data path.  Each router channels the incoming streams to 

the appropriate outgoing ports. In other words, the incoming data is transmitted 

out from a specific port of the routing device. The forwarding is done according 

to the routing table that defines the output port address of the particular data 

stream. The content of the routing tables is set up during path configuration stage. 
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• Link monitoring — this functionality is responsible for the monitoring of the state 

of the transportation link between certain end-points. The monitoring includes 

data traffic conditions, and resource utilization. If the link is monitored to have 

heavy traffics, the state of the link will be changed and future planning of a route 

or data forwarding may be changed or diverted to some lesser used links. 

• Error monitoring — this is a very important function of transport networks. Since 

the failure of transport networks may result in failure of a communication network 

of a nation. Appropriate remedies, either hardware or software, have to be 

installed or executed automatically upon error. Usually the transport network 

tracks the Bit Error Rate (BER) of the transmission path or at least identifies the 

erred transmission blocks. In some cases, mainly in wireless transfer, the 

transmission errors can be corrected to a certain point in the receiver side. 

• Traffic balance — this is an important function in which the bandwidths of all the 

physical links are required to be efficiently utilized. Some routes are busier and 

have more data traffic than the others. Hence least prioritized data streams may 

well be routed through some other less utilized physical links that will eventually 

exit through the same end-point nodes.  

 

1.2. Background on All-Optical Transport Networks 

1.2.1. Progress towards All-Optical Transport Network 

Presently, transport networks are based increasingly on optical fiber technologies. Only 

in the early 1980s, a revolution in optical telecommunications networks began with the 
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use of fiber-optic cable. Since then, fiber communication has established itself as the 

preferred means to transmit digital signals over a long distance (hundreds of kilometers). 

Optical fiber offers low attenuation (0.2dB/km) over its electrical counterparts (e.g., 

twisted pair, coaxial cable, etc, ≈5dB/100ft). Also, fiber is less bulky than other cables. 

Light traveling in a fiber is immune to electrical interference. Most importantly, the cost 

of fiber is low while the bandwidth per kilometer is high, therefore a huge amount of 

information can be transmitted on a single fiber strand over very long distances. This is in 

contrast to sending more information on copper wire where increasing the bandwidth 

requires shortening the transmission distance. 

 

Current research efforts for the transport networks are focused on developing an all-

optical backbone. The all-optical network is a one in which the optical signal travels from 

end to end without experiencing any opto-electronic conversion (e.g., electronic buffers, 

opto-electronic repeaters) in the intermediate path [3]. The nodes or routers within an all-

optical network are “transparent”. A notable endeavor or project of an all-optical network 

is the Global Information Grid – Bandwidth Expansion (GIG-BE) project [4]. The GIG-

BE is an $877 million project initiated by U.S. Department of Defense and managed by 

the Defense Information Systems Agency (DISA). The GIG-BE involves the deployment 

of an all-optical network linking DoD sites around the world. Essentially, the GIG-BE is 

an optical transport system that includes Ultra-Long Haul transport with all-optical 

switching (or transparent switching).  
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The present civilian fiber transport network infrastructure is largely dominated by 

SDH/SONET. SONET (Synchronous Optical Network) forms the backbone network in 

many carrier networks, and it was the first optical network in the telecom industry 

starting from 1980s [5]. After two decades, SONET is still responsible for most of the 

transport traffic worldwide. SONET transmit the data in optical but regenerate and stored 

the data electronically in every node. As the technology progresses and demand of 

bandwidth increases over the years, SDH/SONET is hardly catching up with the demand. 

With the advent of other optical technologies such as tunable lasers, tunable add-drop 

multiplexers, and optical MEMS, the world is set to build an all-optical network. The 

only obstacle now is the required investment, which suffers greatly after the dot-com bust. 

Topologically, all optical technology is migrating from SONET, which is a point-to-point 

optical transmission system, to a more flexible, dynamic, configurable, and manageable 

network. The data pattern has shifted from being voice-centric network (SONET) to data-

centric (IP-based) [6] 
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Figure 1-2  DWDM Transmission System [7] 
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The all-optical network will be an attractive network technology without Wavelength 

Division Multiplexing (WDM). As shown in figure 1-2, WDM is a technique where 

several light paths of different wavelengths are transported simultaneously in one fiber. 

This is possible since light of different wavelengths does not interfere or interact with 

each other as in the case of rainbow. WDM technology has been viewed as a vital means 

to combat data traffic explosion because the technology effectively increasing the 

aggregate bandwidth per fiber to the sum of the bit rates of each wavelength. Dense 

WDM is a technology with a larger number of wavelengths coupled into a fiber than 

WDM. By using WDM technology, networks become very scalable. Bandwidth demands 

can be easily met by adding more wavelengths to the fiber. Beside WDM, Time Division 

Multiplexing (TDM) is another form of multiplexing techniques that is utilized in fiber 

transmission. With the help of TDM, slower flows can be multiplexed consecutively into 

one light path, which is then easier to transport at higher speed. Presently, WDM 

technology has already been deployed in SONET. 

 

In SONET, or any opaque network, the degraded optical signals that travel a long 

distance are regenerated at every node. This requires conversion from optical to electrical 

and back to optical, also known as OEO.  The process is expensive because it involves 

complex, protocol dependent processing to decipher the packets, and the electronics are 

also bit-rate dependent.  This means if the bit rate changes to increase capacity, the 

electronics must also be changed as well. The transparent, all-optical network promise to 
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eliminate these protocol and bit-rate dependencies. Topologically, all-optical network is 

usually a partial mesh.  

 

1.2.2. The Architecture of Current Optical Networks 

Though optical fiber technology promises tremendous bandwidth, the network 

architecture (in the perspective of protocols) that utilizes optical transmission is ironically 

and surprisingly cumbersome and inefficient. To transmit IP data over optical networks, 

the network adopts IP/ATM/SONET/DWDM architecture (as shown in Figure 1-3) [8].  
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Figure 1-3  Present Optical Network Architecture 

 

In this IP/ATM/SONET/DWDM architecture, IP offers the revenue for generating traffic 

service; ATM deals with the traffic engineering; SONET/SDH offers proper transport 

functionalities such as monitoring. DWDM helps to increase the bandwidth capacity of 

SONET by transmitting multiple wavelengths over a single fiber. Since this architecture 

handles so many different kinds of network devices (such as IP routers, OXCs, DXCs, 
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SONET devices, ATMs, and Optical Switching Routers), it has a lot of protocol 

interoperability problems. Moreover, the transmission efficiency of this architecture is 

low because of the overhead accumulation in all these layers (IP packet overhead, ATM 

overhead and SONET overhead). Also, the management and operating cost for 

IP/ATM/SONET/DWDM architecture is high, because each of the four “system” layers 

has its own signaling protocol and control plane, which require special professionals to 

manage and maintain. Finally, to upgrade the layers and let them work together again 

may turn out to be a technological nightmare.  

 

From service perspective, the IP/ATM/SONET/DWDM architecture only offer fixed 

configured services, with little or no intelligence.  It does not support dynamic 

provisioning of services in real time. Service provisioning is primarily through manual 

configuration, which can take weeks, and sometimes even months. Even though ring-

based SDH/SONET networks provide some simple management functionalities for 

service provision, fault management and restoration, SDH/SONET basically lack the 

flexibility required by today’s market. The ring topology is costly and inefficient, which 

cannot make best use of network resources. 

 

One of the research trends in today’s networking is the development of all-optical 

network with new components, simplified structures, and automatic reconfigurable 

ability. A consensus in the industry and academic field that the next generation optical 

transport system will be an intelligent, meshed, and IP-based optical network. As stated, 
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DWDM optical networks are desired to be protocol and bit-rate independent, and all-

optical (transparent) technology logically and ideally fits well with this trend. This is an 

area, where a lot of development is needed before the final deployment. Figure 1-4 shows 

the ongoing optical transport system evolutions for the present and future. 
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Figure 1-4  Optical Transport System Evolutions [3] 

 

As shown in figure 1-4, optical transport system evolve from point-to-point transmission 

system or ring-based SDH/SONET network and subsequently to meshed optical network 

Compared with point-to-point transmission systems and ring-based SDH/SONET 

networks, mesh topologies offer superior bandwidth management and traffic engineering 

capabilities. Furthermore, optical layer mesh restoration (the recovery of service after a 

fiber cut or equipment failure) offers substantially better resource basis in contrast to 

rings and point-to-point systems.  
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In the architectural development of all-optical networking, “automatic switched optical 

network” (ASON) has received a great deal of attention and driven significant research 

activities in both the industry and academia. Currently, the International 

Telecommunication Union (ITU) is developing the architecture for Automatically 

Switched Optical Networks (ASON) [9]. ASON is an optical/transport network that has 

dynamic optical channel connection and configuration capability. To achieve such 

functions, an ASON must be equipped with a control plane that is responsible for setting 

up, releasing, and restoring an “optical channel (connection)” between edge network 

nodes [9]. In other words, ASON has the capability to request bandwidth automatically 

based on traffic demand. This is a very attractive feature to the fiber telecommunication 

industries where channels are still required to be configured manually (based on client 

request). ASON is not a protocol or collection of protocols. It is an architecture that 

defines the components in an optical control plane and the interaction between those 

components.   

 

Another aspiration of ASON is to encompass all the fiber-connection type services, such 

as SONET/SDH and DWDM, in both OEO and all-optical technologies, under a single 

coherent scheme of network management. The key to this unique function of ASON lies 

in the design of a “unified” control mechanism that is responsible for setting up, releasing, 

and restoring an “optical channel (connection)” among the diverse fiber routers, between 

two edge network nodes. Both optical transport networks (OTN) and ASON are defined 
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in a series of technical documents, ITU-T G.709, ITU-T G.872. Most importantly ASON 

initiate a concept of a separated control plane which will be discussed in the next chapter. 

 

Although this research is focused on optical aspects of networks, the emerging area of 

Photonic Radio is a driving concern, since wireless networks are of increasing 

importance. The following section provides an overview of SDR. 

 
 
1.3. Background on Software-Defined Radio 

1.3.1. Definition of Software-Defined Radio 

The term software radio was first introduced by Joe Mitola in 1991 [10]. Joe Mitola was 

a consulting scientist from the MITRE Corporation, on loan to the US Department of 

Defense. According to Dr. Mitola, “A software radio is a radio whose channel 

modulation waveforms are defined in software. That is, waveforms are generated as 

sampled digital signals, converted from digital to analog via a wideband DAC and then 

possibly upconverted from IF to RF. The receiver, similarly, employs a wideband Analog 

to Digital Converter (ADC) that captures all of the channels of the software radio node. 

The receiver then extracts, downconverts and demodulates the channel waveform using 

software on a general purpose processor.” Mitola is referring to a new class of 

reprogrammable or reconfigurable radios. As the wireless communication is being 

developed at a furious pace in these days, the concept of software radio fits well with the 

industry, as a “future-proof” radio platform not only integrates various services (voice, 
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video, data, and Internet) with minimum redesign effort, but is also less susceptible to 

new standards, new protocol and new technologies.  

 

As time progresses, the concept software radio has also evolved into a radio that accepts 

fully programmable traffic and control information, and supports a broad range of 

frequencies, air-interfaces, and applications software. However, the exact definition of a 

software radio is still being debated, and no consensus exists about the level of re-

configurability needed for a radio to qualify as a software radio. Though DSP is a vital 

component of software radio, a radio that includes a microprocessor or digital signal 

processor (DSP) is not necessarily a software radio. Nevertheless, most do agree that a 

radio that defines in software its modulation, error correction, and encryption processes, 

exhibits some control over the RF hardware, and can be reprogrammed is clearly a 

software radio.  

 

Thus, to begin, a good working definition of a software radio is a radio that is 

substantially defined in software and whose physical layer behavior can be significantly 

altered through changes to its software. The degree of re-configurability is largely 

determined by a complex interaction between a number of common issues in radio design, 

including systems engineering, antenna form factors, RF electronics, baseband processing, 

speed and re-configurability of the hardware, and power supply management [11]. 
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As software radio becomes more ubiquitous, a standards forum (www.sdrforum.org) has 

been formed to further clarify various definitions related to software radio. Despite the 

lack of a clear definition of SDR, SDR forum has put the “final” definition of the term 

Software-Defined Radio with relative to other software radio platforms and categorized 

them into a set of  “Tiers” [12]: 

• Tier 0 – Hardware Radio (HR); 

• Tier 1 – Software Controlled Radio (SCR);  

• Tier 2 – Software Defined Radio (SDR);  

• Tier 3 – Ideal Software Radio (ISR);  

• Tier 4 – Ultimate Software Radio (USR);  

 

Tier 0 describes a hardwired radio that cannot be modified without changing the physical 

hardware. In Tier 1 radios the control functions are implemented in software, but there is 

no capability to change modulation and frequency band without changing hardware. Tier 

2 incorporates software control over modulation, frequency operations and security 

functions while retaining some portion of the analog front-end. At Tier 3 the entire 

functionality of the radio, other than the antenna, is in the digital domain. Tier 4 is 

defined for comparison purposes only and embraces all air-interface and applications 

software in which it can switch from one air-interface format to another in miliseconds. 

Present technology development is in Tier 2 with the handset supporting only one air-

interface and frequency assignment at a time. 
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1.3.2. The Evolution of Software-Defined Radio 

According to Steve Blust, the chairman of the SDR forum (www.sdrforum.org), all radios 

that use software techniques on digitized radio signals are generically defined as 

software-based radio (SBR). Under the umbrella of SBR, three sub-classes are further 

defined: software defined radio (SDR), software radio (SR), and cognitive radio (CR). 

More appropriately, these three sub-classes of SBR in effect represent the evolution of 

SBR [13]. As shown in Figure 1-5, SDR is the earliest stage of SBR that will slowly 

migrate towards SR (tier-3) as various technologies are developed. CR is the future 

projection of SDR forum where SBR will ultimately evolve into an automated self-tuning 

radio capable of operating without human interaction. Besides, CR is aware of its 

surrounding environment and efficient utilization of the radio spectrum. 
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Figure 1-5  The Evolution of SBR 
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As stated, SDR is the first phase of the whole SBR succession. Illustrated in Figure  1- 6, 

the digitization and processing of a typical SDR (on the received signal) are performed at 

some stage downstream from the antenna, typically after wideband filtering, low noise 

amplification, and down conversion. In other words, the filtering and frequency 

conversion are still done in analog hardware, but the decoding or demodulation is 

processed by a software-reconfigurable DSP engine (typically a FPGA). Previously, the 

demodulation stage is performed by ASIC in a digital radio. In SDR, this hardwired 

ASIC (suitable only for one type of decoding scheme) has been replaced by 

reprogrammable FPGA that make this demodulation block “adaptable” to all types of 

decoding schemes (AM, FM, GSM, CDMA, etc). It is this software-reconfigurable DSP 

functional block that “defines” the characteristics of the radio. 
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Figure 1-6  Software Defined Radio [11] 

 

Envisioned by the SDR forum, an ideal software radio (ISR) is a radio in which 

digitization is at (or very near to) the antenna and the rest of the radio functions (filtering, 

down conversion, etc) are all performed by software residing in high-speed digital signal 
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processing elements. The industry has hailed this design as the “ideal software defined 

radio model” [14]. Figure 1-7 shows a quick look of this ideal model shared by the SDR 

forum. The strategy of technological migration from SDR to ISR is to slowly move the 

digitization further up to the direction of the antenna, further away from baseband. 
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Figure 1-7  Ideal Software Radio [13] 

 

Finally, CR is a radio that is able to adapt to its environment by automatically adapting 

(without human interaction) its operational mode to achieve enhanced performance and 

efficiency. Cognitive radio is viewed as a novel approach for improving the utilization of 

the radio electromagnetic spectrum [15]. According to SDR forum, CR requires the use 

of artificial intelligence, significant computational power (to process adaptive algorithms 

in real-time), and real-time data from a variety of sources including the mobile network 
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infrastructure, RF bands available, air-interface protocols, user needs, applications, 

minimum performance requirements (which might be subscriber dependent as well as 

application dependent) the propagation environment, and the capabilities of the software 

defined radio platform.  

 

1.4. Future Characteristics and The Proposed Communication Networks 

1.4.1. Convergence & Integrated Networks Environment 

With introduction and background description of both all-optical networks and software-

defined radio, we have perceived that in the future, the networks are heading towards 

more flexibility and scalability to cater for the new services, new protocols and new 

technologies. These services require more speed and new supporting functions from the 

underlying physical networks [16].  

 

In 1980s, the network underwent a change from connection-oriented (Public Switched 

Telephone Networks) to packet-based connectionless transport. Now a third increasingly 

important type of traffic is emerging, called the real-time data traffic [17]. Real-time data 

has to be sent at precisely the right moment (e.g., real-time packetized voice traffic or 

Voice over IP). The real-time traffic has some of the features from both of the 

connectionless and connection-oriented traffic, but the current network structure is not 

designed to efficiently transport of the real-time traffic. Another anticipated type of 

traffic lies in the domain of RF/microwave over fiber. RF over fiber is popular in antenna 

remoting [ 18 ]. It is envisioned in the future, RF signal received from antenna is 
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transported via optical network to another antenna for transmission. If all of these types 

of traffic (connectionless, connection-oriented, real-time, and RF) need to co-exist within 

the same physical networks, thus the development of communication networks towards 

convergence is required [2].  

 

The speed of electrical signal processing in today’s transport networks is moving closer 

to the physical limit of silicon. The hope for finding faster data transportation methods 

has increased efforts in the development of all-optical communication solutions, which 

are considered to be the most technically superior in the long term. On the other hand, the 

wireless communication techniques and end-user equipment are developing rapidly at a 

breakneck speed. It is also anticipated that the future last mile access may well be 

dominated by wireless technology. 

 

 
1.4.2. A Vision for the Future Communication Network 

In conjunction with the network integration, and service convergence, figure 1-8 shows 

our vision of a future network that combines all-optical network (WAN and MAN), 

wired-wireless router (Opto-RF), ad-hoc networks (MANET), traditional cell-based 

wireless, free-space optics wireless (FSO), CATV and SATCOM links, as a single entity. 

All these sub-network (wireless, optical, etc) are in turn controlled by a single control 

plane or software control architecture that governs all the routing, bandwidth and 

resource management. 
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Figure 1-8  The vision of the integrated and converged network 

 
Figure 1-8 follows closely the overall structure communication networks illustrated in 

figure 1-1, with a future upgrade. Besides the traditional wired distribution or access 

networks, our future vision has a high-bandwidth wireless access. The backbone WAN is 

desired to be all-optical. However, such a network still remains as a vision and does not 

yet exist. Efforts have been mainly dealing with development of individual components 

and single technology (e.g. improving smart antennas, non-blocking optical switches, etc). 

The process of the integration or even the design of the process of integration is still in a 

very infantile stage. Communities in both wireless and optical networks have not made 
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the effort to come together to collaborate for such an integration. Only recently, US DoD 

has started the process from two projects: the JTRS and GIG-BE. DoD hope one day 

these two projects will meet and be integrated one day, in the future.  

 

1.4.3. The All-Optical and Photonic Core Layer 

In order to make the physical layer integration a success, an all-optical or photonic core 

(WAN and MAN) is an indispensable building block. Unlike electrical signal (or RF 

signal), light provides excellent transport capabilities for various types of signals. Signal 

carried by lights are bit-rate independence and protocol independence, implying light 

carries digital signal of any bit-rate, and analog (including RF) signal of any frequency, 

with low power loss over a long distance. It is anticipated that all-optical would transport 

cell-phones signals, SATCOM signals, CATV signals, military radio signals, and 

datacom digital signals seamlessly from one subnet to another subnet. 

 

Figure 1-9 shows the building blocks of the photonic layer which comprises of optical 

transport network and the photonic radio (opto-RF router). The photonic layer links to 

various subnets of different technologies. All the photonic-layer activities are controlled 

by a software layer generally known as the control plane. The photonic data plane forms 

the starting point of our envisioned future communication networks, and within the 

photonic data plane, optical transport network serves as the main thesis of the dissertation. 
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Figure 1-9  The photonic data layer 

 

1.5. All-Optical Networks Challenges 

Optical transparency promise to provide for protocol and bit-rate independence in the 

Optical Transport Network (OTN) and improves cost efficiency over existing opaque 

networks. This is especially true as the bit rate extends above 2.5 Gbps. However, a 

transparent OTN suffers various physical impairments unique to the optical layer, 

particularly for long-haul (LH) and ultra-long-haul (ULH) infrastructures. Impairments 

include various types of dispersion (e.g., chromatic, polarization), attenuation, amplified 

spontaneous emission (ASE) noise introduced by optical amplifiers, and non-linear 

interference such as Cross-Phase Modulation (XPM), Self-Phase Modulation (SPM) and 

Four Wave Mixing (FWM). Additional impairment arises from filter concatenation 

effects in multiplexers and demultiplexers. These impairments not only limit the optical 
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reach [19], but also degrade the performance and QoS of the network. Accumulative 

optical impairment is a problem unique to all-optical network (but not opaque networks).  

 

Of course, it can be argued that optical impairments are eliminated by the introduction of 

regeneration nodes.  However, as the data rate of the OTN increases, these regeneration 

nodes become very costly. Moreover, regeneration nodes are not protocol independent 

since transponders must be aware of the specific protocol and bit-rate on the optical 

channel. To provide improved cost efficiency, proposed network topologies such as 

“islands of transparency” [20,21] utilize regeneration nodes sparsely to interlink all-

optical networks to form the larger optical network infrastructure. Technological 

advances, such as the demonstration of error-free transmission in a dense wavelength 

division multiplexing (DWDM) system with 40 Gbps channels modulated with CSRZ-

DPSK format over 10,000 km without regeneration [22], further diminish the role of 

regeneration nodes while allowing an increase in size of a transparent OTN island. 

 

In a nutshell, dynamic paths in an all-optical mesh network are comprised of a 

combination of fiber links and transparent nodes. The optical signals “accumulate” the 

impairments (e.g. dispersion, noise, etc) as they transverse along each link and across 

each of the nodes. We propose to use impairment-related and yet measurable (or monitor-

able) metrics to estimate the physical transmission performance of reconfigurable optical 

path [23]. Based on impairment related path metrics, we can select the optimum choice 

among various optical path candidates.  
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1.6. Problem Statements and Research Objectives  

1.6.1. Problem Statement 

Based on the challenges of all-optical networks, this dissertation seeks to address the 

cumulative optical impairments for the dynamically reconfigurable path in all-optical 

networks. Mainly, the dissertation focuses on four problems:  

1. How do we estimate the quality of a dynamically reconfigurable link/chain based 

on the impairments from end-to-end?  

2. What are the optimum metrics that is usable by the control plane for impairment 

assessment in routing?  

3. Does digital modulation formats matters in the dynamic chain and network 

routing context?  

4. What are the framework and issues for dynamic reconfigurable chain applicable 

to photonic layer (for both all-optical transport networks and photonic radio)? 

 

The first problem statement is to investigate the underlying impairments of the building 

blocks of OTN in the perspective of reconfigurable path. For example, in figure 1-10 an 

OTN with two types of nodes: the Access Node (NA) and Switching Node (NS), is shown. 

An NA contains all the grooming functions for the electrical (legacy) network interface 

and performs the optical transmission and reception functions. NS are transparent nodes 

with all-optical switch and possibly optical add/drop multiplexers that transparently direct 

the lightpath. Three candidate paths are shown, each consisting of two access nodes 

separated links and switching nodes. The question is: which optical path to be chosen 
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based on accumulative impairments from NA2 to NA4? What are the impairments within 

the block blocks (e.g. access nodes, fiber link, switching nodes, etc) of the dynamic path 

that are required to be evaluated? 

 

 

Figure 1-10  Candidate Paths/Chain in OTN Mesh Networks 

 

The second problem statement looks for appropriate metrics to evaluate the link or chain 

performance. The second problem statement is closely related to the first problem 

statement. The question is: Is the selected metric(s) closely related the impairments? Is 

the metric(s) suitable or easily evaluated by routing functions? Is the metric(s) 

measurable (or “monitor-able”) in-line and in real time?  

 



 43

The third problem statement examines the relationship of various modulation formats (e.g. 

NRZ, RZ, DPSK, etc) with various optical impairments. Experiments have demonstrated 

the link performance do show some difference with various modulation formats in 

relation to the impairments. Thus, the question to the problem is: Does the OTN routing 

function require to factor in modulation formats as part of the equation? Can we use 

modulation format to act as a “compensation”?  

 

The last problem statement deals with the generalization of the whole process of OTN. 

Since OTN is part of the proposed photonic layer that also comprises of photonic radio, it 

would be “helpful” for the investigation experience of the first three problem statements 

to be applicable to photonic radio. The framework is to lay the groundwork for eventual 

integration between OTN and photonic radio in the context of reconfigurable dynamic 

chain. Photonic radio is mainly based on analog signal. In the future, we anticipate that 

RF signals will be forwarded across the OTN. Hence the question is: Is there an 

architectural framework that bridges OTN and photonic radio? Are the photonic radio 

subjected to the similar end-to-end dynamic chain evaluation? Is metric selection another 

important part of the process? Do modulation formats (or waveforms) matters?  

 

In later chapters, some key findings and conclusive results for the first three problem 

statements (for OTN). Though we have conducted some work in the investigation of 

photonic radio, the result is encouraging but requires more investigation. Therefore, the 
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remaining chapters will be focused on the key findings in OTN. We describe some of our 

work on photonic radio in the chapter on architecture (chapter 2).  

 

1.6.2. Previous Studies and Contribution of this Dissertation 

Although numerous studies have investigated optical impairments in relation to optical 

transport systems [24,25,26,27,28,29], these studies tend to describe a fixed optical 

transmission link rather than a dynamic optical path. There are proposed impairment 

routing in dynamic mesh networks but without conclusive results from end-to-end [30]. 

 

Other studies on impairment routing [31,32,33,34] have not included optical performance 

monitoring in their investigations. The IETF draft [35] provides a good overview on 

issues and framework for impairment routing but lacks in implementation details. In 

addition, none of the impairment routing studies has treated modulation format as an 

essential part of the impairment based routing strategy. However, transmission 

experiments have clearly shown that different modulation formats (NRZ, RZ, DPSK, etc) 

are affected unequally by various impairments [36,37,38]. (e.g., some formats are more 

robust in the presence of noise and SPM than others). 

 

Some researchers have analyzed impairment individually [39,40,41,42]. Most studies 

evaluate links based on multi-criteria (e.g. OSNR, PMD, etc) [35,43]. Though various 

articles have discussed the impairment of filtering (or filter concatenation) [44,45,46], 
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most impairment routing studies have largely overlooked the importance of this 

impairment.  

 

In contrast and comparison with the previous investigations and research, this dissertation 

contributes to the cause of all-optical network in the following aspects: 

• As stated, one of our aims is to extend the impairment analysis to dynamically 

reconfigurable networks (from starting to end) with more scrutiny on the device 

level. For example, relative intensity noise (RIN) of the CW laser and the 

extinction ratio of the Mach-Zehnder modulator have not been considered in most 

transparent impairment analysis.  

• Filtering effect (in multiplexers, demultiplexer, etc) is an impairment that has not 

been given equal status as noise (especially ASE), and dispersion. Though 

researchers have expressed concerns on cascaded filter effects, a lot of 

impairment routing studies have overlooked this impairment. Our analysis will 

show that filtering effect poses serious limitation to the bit-rate independence and 

network scalability desired by all-optical network.  

• In this work, we would like to select a single “unified” metric that relates to all 

optical impairments. This metric has to be measurable in-line and in real time. 

The “unified” metric of our choice for investigation is Q-factor. With a “unified” 

metric, comparison among all related impairment can be done, so that the routing 

algorithm can weight some impairment more important than the other (e.g. 

filtering is a more serious impairment than cross-phase modulation, XPM). 
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Besides, single and unified metric that relates to the impairments enables the 

network control software to make easy judgment and decision. Since the quality 

of the signal is determined and affected by many factors (e.g. laser power, fiber 

length, modulation formats, etc) and impairments (of different nature, e.g. noise, 

dispersion, etc), the “unified” metric enables us to examine the integrated and 

cumulative effect of both impairments and non-impairments.  Relating each and 

individual impairment to a unified metric also make more efficient compensation 

scheme to be implemented.  

• This dissertation shows that the dynamic chain concept is equally applicable to 

our proposed reconfigurable photonic radio and will eventually be linked to 

transparent OTN as a single entity. This dynamic chain architecture is embedded 

with physical layer awareness paradigm. Physical layer awareness is our proposed 

paradigm for photonic layer that encompasses impairment estimation, monitoring 

and compensation (or adaptation).  

 

1.6.3. Research Objectives 

In summary, the following objectives are expected to be accomplished in the dissertation: 

1. Develop a framework for physical layer awareness for OTN 

2. Develop OTN architecture model with various modulation formats 

3. Identify various impairments and relate them to the unified metric 

4. Illustrate ways to estimate the performance of a processing chain 

5. Demonstrate the applicability for methods on photonic Radio in near future 
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1.7. Research Methodology and Research Task 

 
This investigation and the validation of the problem statements of this work are based 

largely on simulation analysis using a commercial photonic modeling software named 

VPItransmissionMaker™ [47]. VPItransmissionMaker™ and VPIcomponentMaker™ are 

photonic design automation tools from Virtual Photonics (VPI) that help to verify the 

design of new photonic systems including link and all-optical networks. VPI are able to 

design advanced systems including novel modulation schemes, PMD compensation, 

Raman amplification, partial regeneration, adaptive dispersion compensation, optical 

channel monitoring and power flattering. VPI simulation has been used for R&D purpose 

and accepted by the communities as a valid research tool. These articles have 

demonstrated the utilization of VPI simulation [48,49,50,51,52,53]. Similar to other 

professional simulation packages, VPI provides a cost-effective ways to examine 

component and system behavior. 

 

With VPI tools, the following research tasks are expected to be carried out in order to 

satisfy the objective of the dissertation: 

• Establish the models of various building blocks of OTN (e.g. transmission, 

reception, fiber, node, etc) 

• Develop transmission models of various modulation formats 

• Develop impairment models to study its effect in both optical path and RF path. 
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• Investigate the impairment and non-impairment factors within the devices that are 

associated with each building blocks (that affect the link metric) 

• Develop an estimation framework and compensation scheme; identify their 

effects on the overall performance. 

 

1.8. Organization of the dissertation 

The remaining of this dissertation is organized in the following manner: In Chapter 2, we 

discuss the motivation and the design behind the reconfigurable architecture. Chapter 3 

discusses the impairment models in a dynamically reconfigurable architecture with 

reference to ASON. Dynamic chain requires an intelligent software layer that is capable 

of planning a chain with appropriate functionalities and maintained QoS. In Chapter 4, 

based on the developed architecture, we analyze, model and identify the key 

characteristics of the photonic components with simulation in VPI. The simulation is 

aimed to relate the key metric (Q-factor) with various impairments. In Chapter 5, we 

examine the eye diagram with various impairments. In Chapter 6, we conclude the 

dissertation. 
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2. ARCHITECTURE AND FRAMEWORKS 

 
 
2.1. Motivation of the Proposed Architecture 

In the previous chapter, we introduced the background and initial motivation for the 

integration of all-optical networks and photonic radio. In this chapter, we establish the 

rationale for key concepts of the proposed architecture. Most notable are the concepts of 

dynamic processing chain and physical layer awareness that are central in our envisioned 

photonic data layer (for both all-optical OTN and photonic radio). Though our key 

research tasks and results lie in OTN (for this dissertation), it is necessary to present the 

two concepts in lights of a bigger picture. Hence, we will include the description of 

dynamic processing chain in photonic radio, which is implemented in the form of our 

proposed switch-centric component-based (SCCB) architecture. 

 

The proposed architecture is intended to satisfy various emerging trends and objectives in 

communications (for the underlying physical networks). These include: 1) ubiquitous 

access to broadband connectivity, 2) increasing importance of providing satisfactory QoS, 

3) support for simplified insertion of future technology, 4) intelligent spectrum 

management, and 5) the convergence of heterogeneous networks and the increasing 

deployment of network-centric services.  

 

2.1.1 Ubiquitous Broadband Connectivity 
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The trend towards providing ubiquitous access to information resources and services is 

advancing based on developments in computer data communications affecting wired and 

wireless infrastructure.  The introduction of the wireless Internet is an important step in 

the convergence of voice and data communications that were previously relegated to 

separate physical infrastructure. In the future “network-centric” society, anybody and 

anything, can be seamlessly connected to appropriate and authorized information 

resources and services anywhere and anytime [54]. Ubiquitous service refers to the 

maximization of users’ convenience by means of user-centered, seamless services and the 

utilization of widely distributed information resources and services. The rapid rate of 

development in wireless communication and all-opticl network technology is both an 

enabler, and is fueled by, the drive to realize this dream and provide the necessary 

bandwidth.  

 

2.1.2 The Importance of QoS  

QoS is defined as “the collective effect of service” performance that determines the 

degree of satisfaction of the service user. The goal of QoS is to provide guarantees on the 

ability of a network to deliver predictable results. Elements of network performance 

within the scope of QoS often include availability (uptime), bandwidth (throughput), 

latency (delay), and error rate [55]. To satisfy the users’ expectation of QoS, cooperation 

between various elements that are different from each other is required. For example, if 

BER is designated as the primary QoS measurement for a particular photonic digital 
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communication, maintaining QoS in the optical network is the same as in electronic 

digital communications: that is to keep the BER as small as possible.  

 

Applying QoS to network routing is referred as constraint-based routing, which has been 

widely examined for the traditional (electronic) packet switched network. The primary 

intention of QoS routing is to maintain the BER at an acceptable level for each 

successfully established optical channel (e.g., BER <10-12). A constraint-based routing 

algorithm [56] is used to choose the optical channel path that meets the pre-determined 

QoS requirement. 

 

In RF-based wireless network communications, standards such as IEEE 802.11e provides 

support for QoS in wireless LAN applications. Maintaining QoS in these networks (most 

notably for real-time data traffic) is critical for delay and jitter sensitive applications such 

as Voice over IP (VoIP).  

 

2.1.3 Support for Technology Insertion 

The rapid page of development ensures that new protocols, cutting edge technology, and 

innovative components will continuously enter into the communications world. It is 

always desirable that these new components, technology and protocols can be integrated 

into existing communications systems in a cost effective and flexible manner while at the 

same time provide a leap forward in performance. However, this is not usually the case in 

practice. For most systems or chips, the design is normally “fixed” in the sense that the 
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processing elements are statically connected to each other. Easy technology insertion is 

the initiative proposed by the DoD to minimize the cost for upgrading its existing and 

legacy equipments.  

 

2.1.4 Intelligent Spectrum Management 

Intelligent spectrum management is currently the main driver for cognitive radio. Radio 

spectrum is a finite resource. Within the radio spectrum, some frequency bands are 

largely unused most of the time, some are only partially occupied and the remaining 

frequencies are heavily used. The underutilized spectrum is termed a “spectrum hole” 

[57]. In order to boost the bandwidth available for wireless communications, intelligent 

spectrum management is designed to promote the use of these spectrum holes.  

 

2.1.5 Convergence of Networks and Services 

There is a definite movement towards integration and convergence of various types of 

networks (optical, ad-hoc, etc.), starting with heterogeneous wireless access networks. 

This trend not only includes cellular network but also emerging systems, such as WLAN, 

WPAN, wireless sensor networks (WSN), mobile ad-hoc networks, digital broadcasting 

networks, and the Internet [54]. The concept of convergence refers to creation of the 

environments that can ultimately provide seamless and high-quality broadband 

communication service and ubiquitous service through wired and wireless networks 

without spatial and temporal constraints. Though “Convergence” is often use to mean the 

convergence of legacy circuit-switched telephony onto packet switched IP networks, we 
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maintain a heterogeneous network design that accommodates connection-oriented analog 

transport for RF or microwave signals (CATV). concept 

 

2.1.6 Context for both Physical Layer Awareness and Dynamic Chain Processing 

In order to satisfy the stated visions, the architectural framework of dynamic chain 

processing and physical layer awareness is to be developed. This architecture framework 

first approaches the problem in the perspective of the physical layer in front-end (n 

photonic radio) and optical layer (OTN) before addressing the issues in higher network 

layers. One important aspect of the development of the architecture are the notions of an 

all-in-one, future-proof, physically aware and dynamically reconfigurable platform.  

 

In the context of this dissertation, all-in-one has the meaning of: i) access to almost-all 

frequency bands of relevance; ii) ubiquitous service; iii) and support for multiple 

standards to enable global roaming. By future-proof we mean designs that are able to 

easily accommodate the insertion of new technologies which are deemed disruptive.  In 

other words, future-proof platforms have the ability to incorporate new technologies or 

new services with minimum effort and cost. Physically aware means the control elements 

of the system will be aware of the physical condition of the system and the physical 

communications channels, and therefore capable of projecting the end-to-end signal 

quality incurred by the component impairments. Dynamically reconfigurable dictates the 

ability of software radio and all-optical network to reconfigure itself, both at the 
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component level and at the system level. The remaining sections of this chapter detail the 

design philosophy of realizing the platform. 

 

2.2. The Separation of Control and Data 

For the first design issue, there is a clear trend for the separation of control and data. This 

is particularly obvious within the all-optical network. The Software radio architecture 

also displays a similar theme. Originally, in traditional IP networks, each router makes an 

independent forwarding decision for each incoming packet to determine the next router to 

which the packet will be sent. Routers store the incoming packets in a local buffer, strip 

the headers (control message), process them, update various header fields, join them back 

to the packet, and forward the packets to the appropriate output ports. The key issue here 

is that the control and data coexist within the same stream. However, the advent of all-

optical network presents some challenges to this control and data coexistence within a 

packet.  

 

The Generalized Multi-Protocol Label Switching (GMPLS) protocol proposed for the 

optical networks separates the control (routing and signaling protocol) from forwarding 

(data transport) allowing the two planes to be technologically different from each other 

[58]. If one closely examines the forwarding plane, it can be of any type of technology 

(electronic analog, optical, and wireless), and will be easily upgradeable and changeable. 
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Technology domain issues favor this approach. The electronic domain is best for 

processing. In processing, more sophisticated software is used and can be easily upgraded. 

The usage of electronic software and processing will not be changed for foreseeable 

future. However, in the data transport domain, optics has a clear advantage over 

electronic transport in terms of bandwidth, attenuation and  cost. However, in the all-

optical network, the switching functionality has been reverted back to circuit switching 

paradigm (instead of packet switching paradigm due to technology difficulties), which is 

similar to the legacy public switched telephone system (PSTN). Figure 2-1 illustrates 

these two concepts. Currently, packet switching only exists in electronic digital networks. 

In summary, the separation of control and data has a clear advantage of having the data 

plane (or forwarding plane) to be able to pass any form of signals. Though simplistic in 

nature, this has a deep impact on the architectural design we create for the intelligent 

network. 
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Figure 2-1  Data and control streams 

 

A unified or integrated control plane that is implemented only in electronic digital 

technology enables a unification of a control layer. In order for different types of  

“router” (Traditional IP router, OXC, frame relay switch, SONET, all-optical networks, 
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radio, wireless platform, SATCOM, free space optics, photonic radio) to communicate, 

and to efficiently coordinate with each other, a unified control mechanism is needed. This 

design makes the overall network system easier to manage, and cheaper to maintain, 

since each router will be running the same network protocol and software.  

 

As efficient and desirable as a single-control-plane-for-all-data-plane, the commercial 

networks are still largely owned by various commercial entities that do not want their 

competitors to look into their own network. Thus the proposed unified control plane has 

to include the element of optical internetworking advocated by OIForum [59] due to 

commercial realities. To date, the “integration” of (the debate of peer model and overlay 

model) control plane is still an outstanding issue [60].  

 

In the current optical network research that addresses routing and signaling protocols 

there is a distinct trend to simplified the layered structure into a simplified, two-layer 

control plane-data plane structure versus the currently existing multi-protocol stack 

architecture.  
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Figure 2-2  Anticipated Optical Architecture Evolutions [61] 
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The following two figures show the architectural models of both JTRS and ASON. Both 

have shown a distinctive control plane and data plane (or transport plane). 
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Figure 2-3  The Reference Model of JTRS [62] 
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Figure 2-4  Relationship between architectural components of ASON [63] 
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2.3. Evolution of Fixed Parameters to Tunable Parameters Components 

There is a clear trend of technological evolution from fixed parameter components to 

tunable parameter components, both for optical and microwave based communications. 

Some noteworthy components include tunable lasers [64,65], tunable filters [66], variable 

bandwidth filters [67 ], tunable antennas [68 ], reconfigurable bandpass filters [69 ], 

adjustable gain amplifiers, and reconfigurable analog-to-digital converters (ADC) [70]. 

From the design viewpoint, tunable components provide great flexibility and cost 

effectiveness to the overall system.  

 

2.4. Dynamically Reconfigurable Systems 

With advancements in Field Programmable Gate Array (FPGA) devices, reconfigurable 

hardware architecture has been a main driving force for software defined radio. As with 

tunable components, a reconfigurable system design brings greater flexibility in terms of 

modifying system behavior dynamically. One of the most important and desired features 

of reconfigurable computing or architectures, is Run-Time-Reconfiguration [71]. In many 

real-time computations it is necessary to change the configuration of the device rapidly in 

order to compute different portions of the overall algorithm at hardware speeds. 

 

Reconfigurable hardware architectures can be used to replace traditional design 

approaches such custom hardware (e.g., Application Specific Integrated Circuits -  

ASICs), and software only solutions. When used in an inventive way, this design 

approach can offer maximal efficiency within the required design constraints, such as 
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cost, memory usage, power consumption, size, performance etc. However, the most 

important feature of reconfigurable processing is the flexibility it offers [72]. 

 

Reconfigurable architecture may come in several forms and different degrees of 

complexity [ 73 ]. The following are the general categorization of reconfigurable 

architecture: 

• Configurable logic: This is a general term for logic devices that can be 

customized one time (e.g., Anti-fuse FPGAs) [ 74 ]. They are one-time-

programmable (OTP) devices which always lead to the problem that any changes, 

whether in development or in production, lead to scrap parts.  

• Reprogrammable logic: This refers to logic devices that can be customized many 

times but with a limited reprogramming life. Examples of these devices are 

EPROM, EEPROM, or flash-based devices [75]. 

• Dynamically reconfigurable logic: This category refers to “infinitely” 

reprogrammable logic devices, which is also capable of “real-time” 

reprogramming [76]. This set of devices is applied in run-time reconfiguration, 

and the leading example is SRAM type technology [77]. By definition any 

programmable logic family (e.g. FLASH) can be used in run-time configuration 

provided the requirement of  “run-time” and “infinitely reprogrammable” is 

appropriate and well-defined with the particular system [78]. 
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• Dynamically reconfigurable interconnect: This is a general term for interconnect 

devices that can be programmed to provide pin-to-pin connections after mounting 

on a system board. [79] 

• Virtual logic: This is a kind of dynamically reconfigurable logic device that 

features a partial reconfiguration capability, allowing part of the device to be 

reprogrammed dynamically while the rest of the device is executing user defined 

logic [80]. Thus, different logic circuits can time-share the same part of this 

device.  

 

2.5. The Framework of Physical Layer Awareness 

To achieve the goals of the intelligent photonic network we have described, Physical 

Layer Awareness is a key capability, for both optical and wireless channels. It has to be 

noted that Physical Layer Awareness is built on the notion of separation of control and 

data described previously.  

 

In an all-optical infrastructure, the impairments that affect the digital signals are analog in 

nature. For the wireless network, the channel is subject to much more extreme and varied 

physical impairments.  As we have mentioned previously, it is important that we be able 

to dynamically estimate the performance of the channel so that the control plan can adapt 

and mitigate the impact on communications for the adaptive network.  
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As our architectural approach is strongly dynamically reconfigurable, projecting QoS has 

to be done dynamically. This is contrast to a static system in which QoS, impairments, or 

other performance metrics are measured during installation and testing phases. To 

dynamically monitor impairments, another concern of physical layer awareness is to 

establish a deterministic metric for each type of waveforms passing through the system. 

As we will see, each type of impairment will have different effects on various types of 

modulated signals. 

 

Physical layer awareness not only has to deal with the hardware of the radio, but also be 

able to extrapolate to be environment-aware. This includes, projecting the end-to-end 

signal quality for channels of different natures (i.e., electronic and photonic) and 

computing QoS in the control plane in “network time” (meaning within the time frame of 

making routing decisions or establishing circuits, normally around seconds) [81].  

 

In our proposed approach to physical layer awareness there are three primary functional 

components: The projection component, the monitoring component and the adaptation 

component. The projection component contains the databases that store parameters of the 

components of the system with performance lookup tables and formulation for projecting 

performance and other essential metrics. The projection component is also influenced by 

the policy of management layers for according to Service Level Agreements (SLA’s) 

(e.g., BER < 10-12, delay < 1ms). The monitoring component contains monitoring 

hardware (and protocols) to gather the necessary metrics from the actual system to be fed 
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back to the projection component. Adaptation component is directly linked to the actual 

hardware of a configurable system that is capable of adapting its operation to maximize 

performance, optimize functionalities, and mitigate impairment of the overall system. 

Figure 2-5 shows the overall block diagram for the physical layer awareness. The 

components implementing physical layer awareness will be distributed across the 

Management, Control and Forwarding planes.  
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Figure 2-5  Physical Layer Awareness Framework 

 

The projection component might be considered the most intelligent component. Most 

Artificial Intelligence (AI), formulation, and possibly future cognitive functions should 

be located in this component. It stores the physical values of the devices, calculates the 
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effect of impairment on the end-to-end path through formulation based on a pre-

determined order of processing elements, and makes QoS or performance estimations. 

The projection component receives policies or standard of quality information from the 

management plane, and it also feedback the performance estimation to the control plane 

for routing decision.  

 

 

No mater how efficient and intelligent the projection component may be, the monitoring 

component is essential to gather information from the real operational system via the 

designated monitoring devices. Instead of making “guesses” in software, only through 

monitoring that the intelligence within the projection component can be aware of the 

actual device performance, degradation, ambient interference, and component failure.  

Possible monitors include power spectrum analyzer, noise meter, temperature gauge, 

dispersion monitor, etc. Monitoring components have to be aware of both the internal and 

external situation of the system. 

 

The Adaptation component contains the controllable driver of the actual system. That 

includes configurable elements, driving circuitry, and tunable parameters, which is 

essentially the interface of the projection component to the actual devices. In the context 

of physical layer awareness, the adaptation component entails the full aspect of 

compensation. Compensation elements function to restore the degraded signal or improve 

signal quality, and it can be either hardware or software. Hardware compensation can be 
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in the form of regeneration, dispersion compensation, and amplification. A prime 

example of software compensation is error correction code.  

 

In summary, physical layer awareness integrates various existing engineering concepts 

into an integrated intelligent framework for the photonic layer and RF layer. Most 

importantly, physical layer awareness sets a companion building block for another key 

concepts within the data plane: dynamic chain. 

 

2.6. Framework of Dynamic Processing Chain 

The framework of dynamic processing chain is conceptualized on the basis of 

reconfigurable system. As stated, it is another cornerstone concept of our envisioned 

architecture alongside physical layer awareness. Though there is no specific definition on 

what should constitute a processing chain, in our context a processing chain is a string of 

signal processing or forwarding elements interconnected in a particular order and with 

possible feedback, as shown in figure 2-6. The processing or forwarding elements can be 

digital, analog, active, passive, optical and electronic.  
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Figure 2-6  Generic Processing Chain Model 
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In a typical processing chain, processing elements modify the signal, and forwarding 

elements (add-drop multiplexer, or cross-connect) just simply channel the data from input 

port to a designated output port without modifying the signal content. A processing chain 

can be formed purely with processing elements, or forwarding elements or both. In fact, 

processing chain has been illustrated with function blocks in most signal processing text. 

Figure 2-7 shows a generic wireless processing chain that can be found in various texts.  
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Figure 2-7  Generic Wireless Processing Chain [82] 

 

However in our best knowledge, most (if not all) processing chains described in current 

literature are “static” or “fixed” in nature. “Static” means it is always the same functional 

blocks in the chain, and the blocked are linked in a “fixed” manner. A dynamic chain on 

the other hand, is a processing chain that contains configurable number of functional 

blocks and the blocks can be linked differently each time depending on configuration. 

Armed with this initial definition, we can characterize the processing chain into the 
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following four categories: static chain with fixed components, static chain with tunable 

components, dynamic chain with fixed components and dynamic chain with tunable 

components. 

 

Fixed Chain with fixed components:

The elements are statically linked to each other. A prime example is RFIC (and almost all 

of our daily electronics). Figure 2-8 shows the static RF processing chains for SDR. It is 

comprised of a transmission processing chain and reception processing chain. The 

processing chain has a particular order (i.e., the amplifier has to come before the mixer in 

reception processing chain). In order to satisfy a processing application (decoding radio 

signal), a processing chain is expected to have all the appropriate elements within the 

chain: antenna, diplexer, amplifier, mixer, ADC, and baseband module.  
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Figure 2-8  “Static” RF Processing Chains within a SDR [83] 

 

Static Chain with Tunable Components: 
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This is similar to a static chain but some components within the processing chain offer 

various degrees of enability, either manually or through intelligent self-adapting 

software. Figure 2-9 shows an RF receiver with tunable filters and amplifier. 
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Figure 2-9  “Static” RF Processing Chains with tunable filters and amplifier 

 

Dynamic Chain with Fixed Components: 

 

OXC OXC OXC OXCOXC OXC OXC OXC
 

Figure 2-10  Dynamic Chain in Optical Network; OXC = Optical Crossconnect 

 

A good example for this category is an all-optical meshed network, where the chain (or 

optical path) is formed by linking various “fixed” optical nodes. “Fixed” node implies the 

signal is not modified based on any “tunable” parameters. Figure 2-10 illustrates a 

dynamic chain within an optical network. The optical chain (or path) can be dynamically 
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formed based on the configuration of the crossconnect in the network. The signal is 

routed according to the dynamically configured path. This category forms the 

reconfigurable system basis of an all-optical OTN. 

 

Dynamic Chain with Tunable Components: 

Dynamic chain with tunable components is the underlying reconfigurable system of our 

photonic radio (detailed in the next section).  

 

2.7. Dynamic Chain with Tunable Component 
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Figure 2-11  Switch-Centric Component-Based Architecture 
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Among various types of processing chains, a dynamic chain with tunable components 

offers ultimate flexibility for a system. In this category, we apply a dynamically 

reconfigurable interconnect to link up various components in order to form a dynamically 

reconfigurable processing chain. We call the proposed architecture Switch-Centric 

Component-Based Architecture (SCCB). Figure 2-11 shows the overall view. 
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Figure 2-12  Componentizing the RF Chain to fit into SCCB Photonic Radio 

 
 

To retrofit the photonic radio into our proposed SCCB architecture, “componentizing” 

the RF chain is necessary.  “Componentize” simply means decomposing the RF chain, or 

any processing chain, into processing elements (of varying granularity) and interfacing 

them with a switch that provides the capability for dynamically connecting those 
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elements into a chain, as shown in figure 2-12. The switch serves as the reconfigurable 

interconnects to “re-link” the chain into appropriate order to meet the requirements of a 

specific communications task. Transparently, the control plane (with physical layer 

awareness) provides the intelligence in the linking process.  

 

This architecture enables us to configure any RF chain that we desire. By modularizing 

the RF chain, we can swap the components in and out for plug & play approach.  If any 

component is improved by advances in technology, we can easily replace or upgrade 

particular components, thus minimizing the impact of disruptive technologies. With this 

architecture, a COTS-based component RF chain can also be formed. The switching core 

acts as the central element and the components connect to the core in a star network 

topology. 

 

Ideally, a RF chain should incorporate simultaneous flexibility in the selection of power 

gain, bandwidth, center frequency, sensitivity, and dynamic range [84]. There are various 

designs for RF chains: (i) Superheterodyne, in which there are one or more stages of 

intermediate frequency (IF); (ii) direct conversion, in which there are no IF stages (a.k.a., 

zero IF); (iii) fully digital, in which ADC takes place immediately after the antenna; and 

(iv) Combo or Mixed Digital, where the front-end still retains various analog components 

and the digitization comes later in the chain. 
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Each type of RF chain has its own strength and weakness. In superheterodyne, improved 

signal isolation can be achieved by arithmetic selectivity, and inexpensive electronic 

components can be used in the IF stage (due to lower frequency). Direct conversion 

eliminates approximately one-third of the parts used in superheterodyne, thereby 

reducing cost. With fully a digital RF chain, the signal is digitized at the antenna, offering 

flexibility by using software based digital signal processing. Lastly, combo or mixed 

Digital has the advantage of being fully digital solution but retains the channel 

performance of superheterodyne. For these RF chains, an important question is how 

much the analog front-end should be retained. Except for the fully digital ideal software 

radio, a quasi-flexible RF chain is achieved in the software domain.  
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Figure 2-13  Examples of SCCB Reconfigurable RF Chain 

 

As the radio system assumes multi-band, multi-channel, and multi-mission capabilities, 

Software radio platforms (for DoD’s Joint Tactical Radio System) tries to satisfy the 
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requirements of for the small, highly mobile radio set (handheld), a medium mobile 

communication vehicle radio (routing), and a large command center (Maritime/Fixed 

Domain) device.  The SCCB Architecture is ideally suited to provide a common 

framework in these widely varying requirements under a unified architecture, since 

component-based systems are constructed by assembling components developed 

independently of the systems with the underlying configuration management, and 

dynamic hardware architecture management. Depending on the components attached to 

the core, the proposed architecture can form a fully digital RF chain, a zero-IF RF chain, 

a superheterodyne RF chain, and even a wired network to wireless network repeater node. 

In figure 2-13, two types RF chain can be dynamically reconfigured. 
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Figure 2-14  SCCB for Optical Network 

 

SCCB photonic radio allows for plug and play components that may turn it into a routing 

node for all-optical networks, as shown in figure 2-14. Existing technologies such as fiber 
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remoting, up-conversion and down-conversion microwave fiber link can be implemented 

or retrofitted to the SCCB.  

  

Though a dynamic chain offers great flexibility and the potential of easy technology 

insertion, it also adds a layer of complexity to the system.  RF chain configuration 

through the switch becomes an internal routing or a mini-network routing problem.  If 

(Dense Wavelength Division Multiplexing) DWDM techniques are used, resource or 

wavelength allocation has to be managed. Since there is great flexibility to form the RF 

chain, routing becomes an important problem relating to the order of component 

connection.  Physical layer awareness has to make intelligent management decisions to 

dynamically form the best RF chain for a particular communications waveform.  

 

2.8. Advantages of Photonics in Radio Design 

Present software radio design, especially for handsets or cell phones, normally focuses on 

a relatively narrow band reception since the dimension of electronic circuits is related to 

the operating frequency. A major part of RF design is to match one part of a circuit to 

another part (e.g., transmission line to load) in order to provide maximum power transfer 

between parts and at the same time minimize the reflection voltage or current.  Thus, for 

each specific narrow band, a special circuitry path has to be set aside. The performance of 

every analog electronic or electrical device is RF-frequency dependent, which includes 

the antenna.  
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To design a platform that supports all-frequency-band-accessible-within-a-box or to a 

lesser extent frequencies-scalability-in-a-system, the following operating bands of for 

RF/microwave wireless communications have to be considered: AM Radio band (500-

1500KHz, 600-200m), Short Wave (1.605-54MHz, 187-5.55m), TV and FM radio band 

(54-1600MHz, 5.55-0.187m), L-band for Satellite Comm (390-1550MHz), Microwave 

(Radar) (1.6-30GHz, 187-10mm), millimeter waves (telemetry) (30-300GHz, 10-1mm).  

 

With basic transmission line theory and knowledge of electrical interconnects, it becomes 

clear that in attempting to accommodate such a wide range of frequencies, any electronic 

system will definitely run into problems of: EMI; interconnect aspect ratio; impedance 

matching; wave reflection; clock synchronization‘ and parasitic reactive elements.  Hence, 

one of the motivations of software radio is to digitize the RF signal with subsequent DSP 

handling so that the whole process appears to be all-frequency-band-accessible-within-a-

box.  However, this is most feasible under 3 GHz RF. 

 

Current software radio hardware research is focused on the faster electronic ADC, more 

efficient FPGA, better DSP performance, switch-based I/O (instead of bus-based), COTS 

for cost, RF system on a chip, etc [85].  Most research is motivated and driven by the 

huge handset market.  Unfortunately, all-frequency-band-accessible-within-a-box or 

frequencies-scalability-in-a-system have presented a monumental technical challenge to 

the traditional electronic-based design. In short, the stated challenges can’t be solved with 
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electronic technologies alone. Photonic design will help to ameliorate some of the 

challenges.  

 

One of the major advantage of photonic design is optical interconnect. Compared to 

electrical interconnects, optical interconnect appear to be a far more suitable technology 

for RF signal transport. Among the benefits of optics for RF [86]: 

• Absence of EM wave phenomena – Absence of impedance matching, minimum 

crosstalk, and no inductance difficulties.  

• Distance Independence of Performance – Long interconnects perform just as well 

as short ones. The signals essentially do not degrade with distance, and the power 

required to send signals optically is essentially independent of distance. 

• Frequency Independence – One of the most important property for all-frequency-

band-access-in-a-box. There is no signal degradation or change in the propagation 

as the modulation frequency is increased or decreased. (In electronic design, a 600 

MHz circuit may not work well in a 500 MHz operation).  

 

Though optical technology has made great leaps in fiber communication, optics is not 

immediately associated with radio design. Nevertheless, the mix of RF and optics is 

nothing new.  Technology such as radio over fiber (RoF), and microwave photonics has 

existed for decades and recently has started to make renewed impact in RF 

communications. Though not much publicized, photonic radio has already become a 
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major research direction of DAPRA (Defense Advanced Project Research Agency of 

DoD)[87]. 

 

Optical interconnects has been actively investigated for next generation computing 

architecture especially in multi-processor architecture since the late ‘80s. The technology 

is now a well research field for massively parallel processing in chip scale [88]. On the 

other hand, RF-over-fiber (RoF) has been actively used in linking remote antennas to the 

baseband equipment at central base stations.  

 

Alongside with RF-independence signal-transport, RF-independence processing is 

another critical factor to all-frequency-band-access-in-a-box. For example, an electrical 

amplifier has a specific operating range of RF-frequency. For MITEQ products, the 

amplifier with the widest range is around 10GHz (operating frequency: 10GHz-20GHz) 

[89]. In contrast, EDFA is able to amplify signal over a much wider range of RF-

frequency (2.5GHz to 40GHz). Under this notion, an optical processing module is 

seemed to be a preferred choice over its electronic counterparts. However, optics is 

infamous for its lacking capabilities in processing especially computing. Practically, 

some RF functions are better done in optical domain to achieve a goal of all-frequency-

possible (or extend the RF operation in microwave and millimeter wave).  
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2.9. The Switching Core of SCCB 

With frequency-independent quality of optical interconnects, we can establish that an 

optical switching core is essential to provide the central signal transport. This central 

signal transport works as the reconfigurable interconnects to direct analog signal and 

digital bit-streams to processors, antennas, filters, amplifiers, and networks.  

 

Presently, we favor the switching core to be implemented with optical MEMS (with 

micro-mirrors) such as the Lambda Router by Bell Lab [90]. Such MEMS provides most 

of the characteristics required by our proposed architecture. However, micro-mirror type 

MEMS does possess some inherent reliability and robustness issues [91].  

 

What we propose may resemble the current switch-fabric interconnect architecture such 

as RapidIO [92], which has been pursued actively to eliminate I/O bottlenecks to increase 

DSP/embedded systems performance. The RapidIO architecture is a high-performance, 

packet-switched, interconnect technology for use in environments where multiple devices 

must work in a tightly coupled architecture such as interconnecting chips on a circuit 

board and circuit boards using a backplane. Compared to SCCB, RapidIO seems to be 

“switched-centric” and “component-based”, there are major difference for underlying 

working between the two. The following table (table 2-1) lists the differences: 

 

SCCB RapidIO

Hetero-technological  
(e.g. opto-electronic) 

Purely electronics 
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Digital and Analog Purely digital 
Circuit Switched Packet Switched 
Components forming a chain 
with proper order 

Components communicating 
point-to-point 

Target more for SDR front-end Target more for SDR baseband 
Able to encompass Rapid-IO 
based systems 

Can’t encompass SCCB 

Table 2-1  Comparison between SCCB and RapidIO 

 

2.10. The Components of SCCB 

The RF chain is organized into basic components such as mixer, amplifier, ADC, 

baseband processing, optical network interface, etc.  Conceptually, we must have a pair 

of in put/output ports (i.e., an interface) for each component. The interface may be serial 

or parallel depending on the function of the component. In the software domain, new AI 

software components can be attached to realize waveform analysis and recognition.  

 

In general, a component has three main features: 1) a component is an independent and 

replaceable part of a system that fulfills a clear function; 2) a component works in the 

context of a well defined architecture; and 3) a component communicates with other 

components by its interfaces. 

 

In order to interface with the switching core, some modification of the components is 

necessary. Chief among those is the forming of the management/control plane interface 

hardware and data-plane interface hardware. Besides forming an RF chain, the 

component may have to be able to communicate with the management/control plane for 

resource management, fault management, and routing. Since this architecture is intended 
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to support a plug & play approach, the management/control plane must have the ability to 

detect the component and update its internal databases to use the new component as a 

resource. 

 

A list of components with the corresponding modularity and functionalities has to be 

defined. The functionality, the type of technology, the frequency range, analog or digital, 

etc, are the parameters that have to be associated with the components. As stated a typical 

set of components can be antennas, duplexers, amplifiers, mixers, ADC, baseband DSPs, 

crypto modules, predistorter, filters, and impedance transformers.   

 

The proposed reconfigurable architecture is based upon a set of components that varies in 

complexity from a very small and simple to very bulky and complex. The size and 

complexity of the components is referred to as the component granularity. By granularity, 

components can be: Fine-grained components: Small-size components like modules and 

devices; Coarse-grained components: Large sized components like subsystems and 

applications. An example of a very coarse-grained component is superconductor RF 

front-end (fixed-chain), complete with its own antenna, mixer and amplifier. A finer-

grain components are up-converter, down-converter. The more finer type are lasers, and 

modulators. 
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SCCB accepts both fine-grained and coarse-grained configuration. The following 

diagram shows an example of a photonic mixer that can be “packaged” as both fine grain 

and coarse grain. 
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Figure 2-15  A coarse-grained and fined-grained implementation of photonic mixer 

 
 

Figure 2-15 shows the implementation of a fine and coarse grain implementation in 

SCCB. A “fixed-chain” photonic mixer can be fabricated as a coarse grain unit with two 

modulators and an amplifier (later fed into a filter). In finer grain implementation could 

be done with two separate modulators attached to the agnostic switch.  

 

2.11. Summary 

This chapter presents a conceptual development of a architecture that attempt to satisfy 

various emerging trends and objectives in communications: These include: 1) ubiquitous 

access to broadband connectivity, 2) increasing importance of providing satisfactory QoS, 

3) support for simplified insertion of future technology, 4) intelligent spectrum 

management, and 5) the convergence of heterogeneous networks and the increasing 
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deployment of network-centric services. Hence, a platform with the following 

characteristics is required: all-in-one, future-proof, physically aware and dynamically 

reconfigurable. That leads to the development of frameworks: photonic-based, physical-

layer-awareness, and dynamic processing chain. 
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Figure 2-16  An upgraded version of figure 1-9 

 

An underlying photonic data layer is required to satisfy much wider bandwidth, RF-

frequency-scalable, and higher operating RF-frequency due to the superior signal 

transport properties of optics. A physical-layer-awareness control plane provides the 

required intelligence, QoS estimation, monitoring and the eventual adaptation. Dynamic 

processing chain framework is intended to be future-proof. The componentization of RF 

chain leading to switch-centric component-based (SCCB) structure is aimed to have easy 
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technology/component insertion, and a highly flexible platform for both photonic radio 

nodes and OTN nodes. Figure 2-16 shows the upgraded diagram of figure 1-9 with the 

proposed key concepts. 

 

This chapter details the conceptual development of our broader scope vision. The 

remaining task is to realize the proposed photonic layer and fill in the technical details of 

the architecture, starting with impairment routing of OTN, which is derivation from 

physical-layer-awareness. Other architectural blocks and eventual integration are 

subjected to future exploration and continuous refinement with more simulation and 

experimental works. 
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3. DYNAMIC CHAIN IMPAIRMENTS 

 

3.1. Introduction – The Impairment and Compensation 

This chapter expands the framework of physical layer awareness into steps of 

implementation and realization. The central theme is the relationship of impairments to 

the designated metrics. In order to estimate the performance of a photonic dynamic chain, 

optical impairments are of critically importance. Impairment is defined as any physical 

property of the particular processing element that degrades either the signal quality as the 

signal passes through the element or component.  
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Figure 3-1  Generic Impairment Model 

 
Figure 3-1 illustrates the impairment model. Every processing element, including the 

source (e.g. transmitter) introduces certain impairments (e.g., attenuation loss, noise).  

Compensation elements function to restore the degraded signal. However, a 

compensation element may itself introduce degradation to the signal.  For example, an 

optical amplifier compensates for loss by boosting the signal power, but also increase the 

noise level.  
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Thus, for establishing signal quality (QoS) especially for the physical layers, physical 

impairments of the devices and components have to be known and categorized. By 

studying each and individual impairment, we can come out with a scheme that can 

project the unit impairment and overall system impairment. Hence, the QoS can be 

established. More importantly, compensation schemes in a system using tunable devices 

can be implemented that target particular impairments. 
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Figure 3-2  Impairment Model for Dynamic Chain 

 

Our proposed dynamic chain and physical layer awareness framework fundamentally rely 

on impairment models. Illustrated in figure 3-2, the overall system metrics or end-to-end 

chain metrics are computed and projected based on impairments contributed by 

individual components. Since the dynamic chain can be formed flexibly, the projection 

component of physical layer awareness has to estimate the impairment models to 

compute the cascaded performance of the entire chain based on each element.  

 

3.2. Overall Performance Estimation Framework 

The following shows the essential steps of  performance estimation for a dynamic chain: 
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• Select the chain or system performance metrics in accordance with signal format. 

• Categorize and extract component impairments parameters in conjunction with 

technological domain. 

• Compute cascading and cumulative impairment and performance 

• Monitor the output and feedback to the system. 

• (Optional) Compensate the chain performance via reconfiguration or 

compensation components. 

 

3.2.1. Select the Chain or System Performance Metric(s) 
 
This depends on the nature of the chain especially the type of signal propagates through 

the chain. Though the underlying physical network remains the same (e.g. fiber), the 

metrics accessing the signal or link performance could be difference. For digital signal, 

BER is the preferred metric. However for analog signal, signal-to-noise ratio is a better 

indicator of performance. Regardless of the metrics used, most are closely related to 

physical impairments and signal formats. Formats or waveforms (e.g., QAM, DPSK, 

CDMA, etc) play a crucial role since they interact differently with the impairments. 

Metric selection will be further detailed in the later section. 

 

3.2.2. Categorizing the Impairments based on Technology Domain 
 
Impairments are technology domain based. Electrical domain impairments are different 

from optical domain impairments. A good example is dispersion, which exists in the 

optical domain but not in the electrical domain. Similarly, impedance matching is a 
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crucial compensation in the electrical domain, but not in the optical domain. Therefore, 

when signals cross over different technology domains, special attention has to be given to 

the type and influence of impairment which interact differently with the signals. Optical 

impairments will be described in detail in the later sections. 

 

3.2.3. Cascading Impairment Projections 
 
As compared to the fixed-chain, cascading impairment projections may well be a unique 

phenomenon in a dynamic reconfigurable chain.  In the fixed-chain scenario, 

performance can be measured, tested, and redesigned. Planning a chain or signal path 

requires an assessment of the cascading elements within the path. That immediately leads 

to the cascading impairment effect on the signal. The cascading impairments may 

comprise of different types of impairments or a series of the same impairments. The 

cascading performance estimation is illustrated in the next chapter. 

 

3.2.4. Monitoring Impairments and Performance 
 
Overall, monitoring is much less well explored than projection. In-line monitoring 

equipments are inclined to be minimized due to cost, except for various critical metrics 

such as power and signal presence. In physical layer awareness, impairment monitoring 

feedback is essential. Projection based on intelligent algorithms has to be tested and 

measured in-line and in real time to make sure the projection provides and accurate 

estimate. Without monitoring, projection may plan a faulty chain based on degraded or 

faulty components.  
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3.2.5. Compensation and Reconfiguration 
 
We categorize compensation into hard-compensation and soft-compensation. Hard-

compensation is simply a remedial scheme for particular impairments via hardware 

means. Soft-compensation is an improvement scheme performed via software. A good 

example of soft-compensation is error-correction code for digital link.  

 

3.3. Budget and Metric Analysis in the Control Plane 

An important function of physical layer awareness is the selection of a set of chain 

performance metrics derived from individual chain elements. The process is similar to 

link-budget analysis [93]. Instead of doing the analysis manually, our proposed physical 

awareness component must compute the budget analysis with intelligent algorithms 

residing in the management or control planes. In the case of a fixed (static) chain, this can 

be measured by human during product testing phase and written in data sheets. However, 

in the case of a dynamic chain, flexibility requires the system to compute the budget 

analysis or performance just prior to forming the chain physically. The dynamic chain 

may take environmental, individual device degradation, special case operation, and signal 

types into consideration. Chains may require either or both the multi-criteria and single-

criteria link analysis.  

 

For single-criteria metric, meaning the performance is relied on one indicator. It is 

simpler for the control plane to make decisions (to pass or fail the link) based on just one 

metric that relates to all the impairments. However, it is harder for single-criteria metric 
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to make compensation because the control plane just can’t tell which impairments or 

devices have caused the critical degradation. Translation of single criteria back to multi-

criteria that directly relates to a particular impairment is required.  Q-factor is the single-

criteria metric to be evaluated in this dissertation. 

 

In contrast, multi-criteria metrics enable the control plane to make simpler adaptation 

decision by tuning particular devices to adjust gain, wavelengths, dispersion 

compensation, etc. Example of multi-criteria metrics are optical-signal-to-ratio, signal 

power, dispersion, noise level, etc. Ideally, each criterion is not related to each other. 

Unfortunately, it is harder to tell whether a link matches certain quality with varying 

combination of various criteria (e.g. {OSNR=16dB and dispersion=10ps} versus 

{OSNR=10dB and dispersion=1ps}). 

 

In evaluating a signal chain, the granularity of the individual processing elements plays 

an important role. Coarse grain elements are referred as units. Fine grain elements are 

referred to as devices or components. Unit is made up of a few devices. Sometimes, it is 

necessary to compute the unit performance metrics before the system chain metrics.   

 
 
3.4. Q-factor as Digital Dynamic Path Metrics 

After some examination, we have selected Q-factor as the path quality metric since ITU 

has recently standardized Q-factor as the preferred metric to estimate the transmission 

performance of optical channels [94]. Using Q-factor in optical links dates back to 1973 
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[95]. Q-factor has been widely used as the performance metric in optical point-to-point 

transmission, but not in dynamic network routing.  

 

Figure 3-3  Eye Diagram of RZ 

 

Figure 3-3 shows the eye diagram with the corresponding current distribution of the logic 

levels on the right. In the optical network, Q-factor is defined as the electrical signal-to-

noise ratio at the decision circuit of a digital signal receiver. 
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QLogQ(decibels)Q dB 1020×==  

µ1 and µ0 are the mean voltage/current levels of the 1 and 0 level and σ1 and σ0 are the 

standard deviations of the noise distribution on the 1 and 0 levels.  

 

The Q-factor can be measured and computed from the eye-diagram using statistical signal 

processing techniques. Since the photodetector is a current source, µ and σ are derived 
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from sampling the current level. The noise is statistically and empirically assumed to 

have a Gaussian profile. Only after the measured σ has a high co-relationship with a 

Gaussian, it is then accepted that Q is established. Traditionally, this Gaussian 

approximated method is commonly used to estimate the BER. It even gives a relatively 

good estimate, though the actual noise distribution is not Gaussian [96]. 
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For a typical OTN, the BER must be smaller than . This corresponds to a Q greater 

than ~8 or  greater than ~18 dB). The following table (table 3-1) lists the relationship 

between BER and Q (and QdB) 

1510−

dBQ

 

BER Q QdB
103 3.09023 9.79982 
106 4.75342 13.54012 
109 5.99781 15.55985 
1012 7.03448 16.94464 
1015 7.94135 17.99789 
1018 8.75729 18.84739 
1021 9.50502 19.55906 
1024 10.19916 20.17129 
1027 10.84974 20.70839 
1030 11.46402 21.18674 

Table 3-1  Corresponding BER and Q 

 

Without using the erfc function, there is one convenient approximation for converting 

BER to Q-factor [97]: 
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In our physical layer awareness approach, we use the Q-factor as the metric for optical 

path “quality” constraints [98].  If the constraint is beyond certain impairment limit as 

indicated by the Q-factor value, the path is considered either failed or to have a very high 

cost. Therefore, it will not be selected by the routing protocol.  

 

Based on these considerations, the Q-factor is at the foundation of the link performance 

estimation for our approach. Other metrics such as power, noise, dispersion and non-

linearity (notably non-linear phase shift caused by SPM) are used as arguments to the 

path Q-factor determination. That is, we seek to define some function f such that: 
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This Qpath metric will then feed to the routing protocol as part of the link cost 

computation as the impairment constraint. The function can either be close form formulas 

or lookup tables because on measurement and simulations.  

 

This Qpath metric will then used by the routing protocol as part of the link cost 

computation as the impairment constraint. Some authors have considered the power 

penalty as an impairment cost [99]. However, we consider that this parameter affects 

more the power budget in the link, which does not have a relationship with BER. 

Furthermore, some studies use fiber length as both the link and path metric. Length in our 

view does not constitute an accurate metric of a path performance. Even though we 
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recognize the importance of these variables, we also analyze the influence of other factors, 

such as the crosstalk, noise, and dispersion as will be shown in the results section. 

However, some impairment (e.g., dispersions) can be compensated for at network design. 

It is important to note that noise and power are strongly related to length and are 

cumulative in nature [100]. 

 

3.5. An Overview of Impairments 

Optical impairments can be categorized as linear and nonlinear. Linear impairments 

include polarization mode and chromatic dispersion; spectral broadening, chirp; fiber 

plant losses from connectors, splices, and aging; attenuation, and optical signal to noise 

Ratio (OSNR). Non-linear impairments are more complex and produce not only 

dispersion on different wavelengths, but also crosstalk between channels.  

 

FilteringFiltering

 

Figure 3-4  Overview of Optical Impairments 
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Non-linear impairments can be further classified into two categories. The first category 

includes the Kerr effect (i.e., the dependency of the refractive index on the optical signal 

power); SPM, XPM, and FWM. The second category includes the inelastic scattering 

effects in the fiber: stimulated Raman scattering (SRS) and stimulated Brillouin 

scattering (SBS) [101]. Figure 3-4 shows a graphical summary of the impairments [102].  

 

However, we would like to introduce filtering as a valid impairment with the equal status 

of the traditionally accepted impairments in figure 3-4. In the next chapter, we will show 

that cascaded filtering effects with multiplexers, demultiplexer, and even photodetector 

give significant performance degradation. Filtering is important since most transparent 

nodes (including add-drop node) contain multiplexers and demultiplexers. Filtering give 

constraints to the maximum number of nodes that the signal can travel, thus significantly 

post limitation on the network scalability of the all-optical networks. 

 

3.6. The Dynamic Chain and Impairment Awareness in Optical Networks 

As previously mentioned, system impairment in all-optical networks is different from the 

opaque network. In an opaque network, transmission impairments between two nodes 

play more of a role than the end-to-end system (or chain) impairment since OEO 

conversions at each not compensate and prevent the accumulation of impairment over the 

entire path. In all-optical networks, the design of the nodes is different from the opaque 

networks, because the node is transparent. Hence, the system impairments of all-optical 
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networks are cumulative over the entire path from source to destination. These 

impairments not only limit the optical reach [103], but also degrade the performance and 

QoS of the network. 

 

Of course, it can be argued that optical impairments are eliminated by the introduction of 

regeneration nodes for opaque networks.  However, as the data rate of the OTN increases; 

these regeneration nodes become very costly. Moreover, regeneration nodes are not 

protocol independent since transponders must be aware of the specific protocol and bit-

rate on the optical channel. To provide improved cost efficiency, proposed network 

topologies such as islands of transparency [104,105] utilize regeneration nodes sparsely 

to interlink all-optical networks to form the larger optical network infrastructure. 

Technological advances, such as the demonstration of error-free transmission in a dense 

wavelength division multiplexing (DWDM) system with 40 Gb/s channels modulated 

with CSRZ-DPSK format over 10,000 km without regeneration [106], further diminish 

the role of regeneration nodes while allowing an increase in size of a transparent OTN 

“island”. This provides a foundation for a large-scale intelligent transparent optical 

networking infrastructure. Figure 3-5 shows a diagram of an island-of-transparency 

network. 
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Figure 3-5  The Islands-of-Transparency Optical Network Topology 

 

As mentioned, one of the major requirements of the ASON is to provide automated 

provisioning while delivering the essential Quality-of-Service (QoS) as defined under the 

terms of a Service Level Agreement (SLA) (e.g. the price the customer pays for a 

particular type of service). Our proposed physical layer awareness should be congruent 

and adherent to the standard of ASON. This can be accomplished with an extended 

Management/Control Plane and Forwarding Plane architecture, as shown in Figure 3-6, 

to support Optical-Layer-Awareness (the dark grey portion), as part of the proposed 

physical layer awareness.  
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Figure 3-6  Physical-Layer-Awareness in ASON [107] 

 

This proposed architecture integrates features from various recommendations published 

by ITU, IETF and OIF. The Management Plane supports policies, accounting, and service 

level agreements while the Control Plane supports switching/routing and provisioning. 

The Forwarding Plane provides the optical components carrying data and signaling traffic. 

The extended architecture is intended to support adaptive management of optical 

impairments through the exchange of information allowing the determination of and 

compensation for impairments to take place dynamically, as well as the use of current 

impairment information in the routing of light paths.  
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As bit rates are pushed higher in the transparent optical network, impairment 

management must become an essential part the Management/Control Plane protocols. 

Our proposed impairment related modules (the extended configuration module, the 

extended fault management module, the extended performance module, the proposed 

impairment evaluation module, and the extended monitoring elements module) are 

intended to include optical impairment and optical performance monitoring as an 

integrated part of routing and QoS management. That is, we incorporate a greater degree 

of Optical-Layer-Awareness into the integrated Management/Control Plane.  

 

For introducing the necessary Optical-Layer-Awareness to support adaptation to 

dynamically changing optical impairments, entails the construction of the optical 

performance monitoring feedback module and impairment evaluation module. The key to 

these modules resides in a process that we call constraint variable formulation, which 

allows the integrated control/management plane of the network to estimate the optical 

impairment status for the use of constraint-based routing. Constraint-based routing is a 

network technique that is used to select an optimum network path (out of some viable 

paths) given certain requirements (or constraints such as the maximum BER, the 

minimum SNR, etc) [108]. Generalized multi-protocol label switching (GMPLS) by 

IETF [ 109 ] provides a good control plane framework and protocols to implement 

constraint-based routing in optical networks. Details of interworking between GMPLS 

and ASON can be found in [110].  
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In the context of this dissertation, impairments represent hardware parameters in the 

optical layer of the network, while constraints represent software variables in the 

Management/Control Plane. There are additional constraints that are not based on optical 

impairment. These include: traffic flow, resource utilization, connection cost, etc. We 

refer to these constraints as non-impairment constraints and they will not be discussed in 

detail. 

 

3.7. ASON Revisited 

Fundamentally, ASON architecture describes the set of Control Plane components that 

are used to manipulate Forwarding Plane resources in order to provide the functionality 

of setting up, maintaining and releasing connections (or optical path). Provisioning (end-

to-end connection) and routing (which way to go) are the crucial functions of the control 

plane. The ASON standard addresses the design for Control Planes that supports various 

Forwarding Planes such as SONET/SDH and OTN [111]. 

 

Other the other hand, Management Plane supports the business logic of the network 

service provider, including relationships with customers as well as with other network 

service providers. The following five functional areas are performed in the management 

plane, summarized as FCAPS, defined in [ 112 ]: fault, configuration, accounting, 

performance, and security. 
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According to [113], fault management rises the alarms (link cuts and equipment failure) 

from the monitoring elements. Once the alarm information is collected, the fault isolation 

and identification is performed. A remedial scheme (restoration or protection) will be 

issued.  

 

In general, configuration management is to maintain the global physical and logical 

information representing the network. The configuration information includes what are 

the network elements, and how they are topologically or physically interconnected.  

Other dynamic task includes the discovering of new devices, gathering and maintaining 

accurate topological information. 

 

Accounting management deals with billing and charging for the utilization and access to 

network resources and service [114]. Cost definition and revenue generation of the 

network are major functions of the accounting management. 

 

Performance management is concerned with the facilitation and maximization of network 

performance via monitoring. Its function is to maintain the QoS of the connections and 

channels. Parameters such as network throughput, delays, and bandwidth utilization are 

under constant surveillance of performance management. 

 

Finally, security management involves safeguarding the network from hacker’s attacks, 

user overloading, and unintentional access to unauthorized resources. 
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The introduction of the proposed Optical-Layer-Awareness affects various standardized 

modules of the ASON and management plane. In the present ASON architecture, there 

are no defined impairment related functionalities. The residing routing protocol (e.g. 

OSPF) has to take into account the impairment constraint of the network. In the domain 

of management plane, Optical-Layer-Awareness affects the configuration, performance 

and fault modules of the management plane. Building on the foundation of ASON, our 

proposed model of intelligent transparent OTN extends the functionalities of the 

standardized Management, Control, and Forwarding planes. (Note: the term Transport 

Plane may be used synonymously with Forwarding Plane). At present, the full integration 

of the management, control and forwording planes is still in the process of being 

standardized. 

 

3.8. Adding Optical-Layer-Awareness 

The core of our approach for incorporating Optical-Layer-Awareness lies in our proposed 

impairment-evaluation module which consists of two sets of constraint estimation for 

optical impairments. Since the Control Plane is primarily software-based, constraint 

formulation serves as a window for the Control Plane to be aware of the hardware 

network elements in the Forwarding Plane. The first constraint estimation consists of the 

projected constraints based on theoretical computation. The second set of formulations is 

derived from monitoring feedback. The theoretical computation is first based on the 

device component parameters during the design phase, and stored in the resource and 



 101

topology databases in the configuration module of the Management Plane. The 

formulation derived from monitoring will later update these component parameters as 

they change in response to changes in optical impairment in the system resulting from 

device degradation or other factors. The Control Plane will make decisions for new 

services adaptively based these updated device component parameters. 

 

Mapping impairments to constraints involves the translation of device component 

parameters, as indicated in a device data sheets or as measured during installation, into 

impairment factors and then to constraints. The process is done with formulation fine 

tuned by monitoring feedback information. 

 

To construct optical-layer-awareness across the network these constraints must be easily 

disseminated to Control and Management Plane protocol elements. Equally important, 

the computation algorithm has to be efficient enough to determine the candidate paths 

based on disseminated constraints in “network time”. Therefore, the formulation 

algorithm cannot be too computationally intensive. 

 

The first stage of supporting Optical-Layer-Awareness is to include the optical 

components parameters to be stored in the configuration databases of the Management 

Plane. Altogether, we define four databases for the management plane. Table I to IV 

provide a snapshot example of each of these databases. The databases are: Optical 

Network Component Types Database, Optical Performance Monitor Type Database, 
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Optical Component Resource Database, and Optical Layer Topology Database. Of course, 

the configuration management may store other types of databases such as electrical 

networks. These databases are constantly accessed by the impairment evaluation module. 

 

3.9. Optical Network Component Types Database 

In a typical mesh type transparent network, there are five types of components serving as 

the key building blocks for the infrastructure. These are: fiber, transmission units 

(including the laser and modulator), receiver units (including the photodetector and clock 

recovery), optical amplifiers, and switching nodes. Though there are more low-level 

optical components, such as multiplexers, couplers and splice, we limit and simplify our 

discussion to these five. 

 

Table 3-2 lists the common parameters of the optical component types that we will 

consider for optical impairment and constraint formulation. It has to noted that all of the 

listed parameters can be found from the component datasheet supplied by the device 

vendors. 

 
Components Parameters Symbol Unit 

Fiber Attenuation/Loss L dB/km 
 Dispersion D ps/nm.km 
 Dispersion Slope S ps/nm2.km 
 Non-linear Index n2 m2/W 
 Effective core area Aeff µm2

Transmission Output Power Ps W 
 Output Wavelength λ nm 
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 RIN  dB/Hz 
 Line Width ∆λ nm 
 Data Rate/Bandwidth  bits/s 
 Extinction Ratio ER dB 
Receiver Sensitivity R dBm or W 
 Bandwidth of detector Bo Hz 
 Bandwidth of Electrical 

Filter 
Bc Hz 

Amplifier Gain G dB 
 ASE NF dB 
Node Insertion Loss/Gain G/L dB 
 Noise Figure/Crosstalk NF dB 
 Mux-Demux Filter 

Passband Bandwidth 
B Hz 

 

Table 3-2  Optical Network Component Type 

 

3.10. Optical Performance Type Database 

Optical Performance Monitoring devices [115] for use in the OTN are still in relatively 

early stages of research and development so there is some challenge to factoring them 

into our approach.  We have attempted to devise our approach such that the monitoring 

devices used will accommodate future developments. Monitoring technologies are 

essential for real-time Optical-Layer-Awareness. Examples of monitors include: 

Asynchronous Q monitors [116], PMD monitor [117], GVD monitor [118], and OSNR 

monitor [119,120]. Impairment theoretical Projection is still required since the path has to 

be planned before wavelength is injected in the fiber. Only then channel can be 

monitored. Thus, monitoring technologies only provide reference to the 

Control/Management Planes to monitor in real-time for fiber cut, device degradation, 
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equipment failure, and performance expectation for a path planned in advanced at the 

edge router.  

 

Table 3-3 shows various selected optical monitors and their corresponding measurement 

parameters and units. In this article, we only consider synchronous Q-factor meter 

defined by ITU-T O.201. Other types of monitor are subjected to our future work. 

 
Monitor Type Detection Parameter Unit 

Power Meter Power (P) W 

Spectrum Analyzer Frequency/Amplitude  

OSNR Monitor Signal to Noise Ratio dB 
Q-Monitor Q-factor  dB 
PMD Monitor RF tone  
GVD Monitor ∆t  

 

Table 3-3  Optical Performance Monitor Types 

 

3.11. Optical Component Resource Database 

The Optical Resource Database is the actual type component with real values associated 

with it. Table III illustrates the actual type of fibers used in network, in which we call a 

Fiber Resource Database. As illustrated in [TABLE 1], fibers are associated with its 

corresponding parameter, but the actual fiber types have particular value assigned to it. 

For example, a popular type of fiber, SMF, has an attenuation of 0.2dB/m, a dispersion of 

around 17 ps, a dispersion slope of 0.0057, etc. Such information is stored in 
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configuration module of Management Plane where the impairment evaluation can access 

and use it. 

Parameters@1550nm SMF NZ-DSF DCF for 
SMF 

DCF for 
NZ-DSP 

α (dB/km)  0.2 0.2 0.45 0.5 
n2 (10-20 m2/W) 2.9 2.6 4.3 4.3 
Aeff (µm2) 80 55 14 19 

D (ps/nm/km) 17 4.4 -80 -90 

Slope (ps/nm2/km) 0.057 0.045 -0.22 -0.65 

 

Table 3-4  An Example of Fiber Resource Database 

 

3.12. Optical Layer Topology Database 

As the name implies, the Topology Database (table 3-5) stores information about how 

these actual devices are being connected or used in the actual network. For example, what 

actual type of EDFA, fiber, DCF, etc is being connected, which is connected first. As 

shown in table IV, a link between the all-optical router #1 and all-optical router #2 has 2 

spans. Span #1 in this link has 100km of SMF-28 and then connected with 15km of DCF 

type-3 (assuming that a few types of DCF are used in the whole network. 

Span Device Unit 

Span #1 SMF-28 100km 
 DCF type 3 15km 
 EDFA type 2  
Span #2 LEAF 100km 
 DCM  
 EDFA type 1  
….. … … 

 

Table 3-5  Topology Database 
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3.13. Overview of Optical Layer Aware Routing 
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Figure 3-7  An Example of a Transparent Meshed Optical Network 

 
To discuss the use of Optical-Layer-Aware routing we will refer to the example of an all-

optical GMPLS-based OTN with a mesh topology as shown in Figure 3-7. In this OTN 

we have two types of routers: the Label Switching Router (LSR) and Label Edge Router 

(LER). An LER contains all the grooming functions for the electrical (legacy) network 

interface and performs optical-electrical-optical (OEO) conversion. The LSR is a node 

with an all-optical switch, and possibly optical add/drop multiplexer, that transparently 

directs the lightpath. Both LER and LSR are special terms in GMPLS-based network. 
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Both types of nodes include Control and Management Plane protocol elements as well as 

the Forwarding Plane. We can expect that for the near-term the Control Plane functions 

will be implemented in the electronic domain since optical technology is not yet capable 

of performing the required processing and logical functions. If the Control and 

Management Plane protocol elements are distributed in nature, these elements work 

together create the lightpath according to the policies established by the Management 

Plane and the Physical Layer constraints recognized by the Control Plane.  In Figure 3-7 

the communication among Control Plane elements is shown as dotted lines to indicate a 

separate logical channel for the exchange of control messages. 

 

Connection_Request (Source, Destination){ 
For(;;){ 

Path = Search_candidate_path(); 
Q = Compute_Q (path); 
If (Q > OTN_Q_Requirement) 

  return path; 
} 

} 

Figure 3-8  Pseudocode in LER for optical path setup 

 

Figure 3-8 shows the pseudocode resided at the Label Edge Router for dynamic optical 

path setup with optical layer awareness. First, a connect request is called to setup a path 

between the Source_LER and the Destination_LER. Second, candidate paths are 

computed to look for the optimum route (passing through LSR) between the Source and 

Destination. If a candidate path is returned, the compute_Q function is to perform the 

impairment or performance estimation of the candidate path. If the return performance 
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metric passes the OTN_Q_Requirement (from management plane), the candidate path 

will be return as valid path for the setup. 

 

3.14. Information flow in Optical-Layer-Awareness Architecture 

The flow of physical-layer-awareness information between protocol elements in the 

various planes is illustrated in Figure 3-9. These two impairment-related protocol 

modules (Impairment Evaluation and Performance Monitoring) are linked to the 

component database that store the information of physical network component as 

depicted in [TABLE I, II, III, IV], as follows: 

• Optical Network Component Types:  Stores the parameters of the network 

components used in the estimation of optical impairment. 

• Optical Performance Monitors: Contains the optical monitors used in the system, 

with the corresponding measurement parameters and units. 

• Optical Component Resource: Contains the value of the parameters defined by the 

component Types database. 

• Optical Layer Topology: Summarizes information about how the components are 

interconnected in the actual network.  
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Figure 3-9  Information flow supporting dynamic optical impairment based routing 
through physical layer awareness 

 

When a path is to be provisioned, the Management Plane sends out the service 

parameters and the quality required to both the routing module and the impairment 

evaluation module in the control plane. The routing module will select the candidate 

routes based on the non-impairment constraint (link state graph) and then send the 

candidate routes to the impairment evaluation module. The impairment evaluation 

module draws the hardware and the physical topology information from the configuration 

module of the Management Plane and computes the link metric and path metric based on 

the optical impairment formulation. The impairment evaluation module then sends the 

projected impairment constraints back to the routing module. Routing module makes the 

final path decision based on the constraint factors and set the control signal to the 
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forwarding plane for actual hardware configuration. Optical signal is sent through the 

fiber. The performance monitors pick up the signal and send the feedback back to the 

performance monitoring module in the control plane for dynamic evaluation. Based on 

the monitored feedback, the actual path quality can be determined. 

 

3.15. Scope and Assumptions 

In the development of the optical-layer-awareness we make the following assumptions 

and limitations:  

• This approach is not intended for the network design problem (i.e., planning for 

the OTN physical lay out). It is intended to provide the information necessary for 

the Control Plane to adaptively maintain QoS commitments of SLA’s in the 

presence of dynamically changing optical impairments.  

• The architecture is targeted for mesh networks. Modification may be necessary to 

suit Self Healing Ring topologies.  

• We emphasize technical considerations without detailed focus on implementation 

costs. 

• The impact of wavelength conversion components are not considered in the 

current research.  

• The current work does not consider the sensitivity and measurement error of the 

monitoring device [121]. 

• A span is defined as the fiber connection between two optical amplifiers. 
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• A link is the connection, including fiber and amplifiers, between two nodes (of 

either type). 

• A path is the complete connection between two LER (access nodes), including all 

links and LSR (switching nodes). The path UML class diagram is shown in Figure 

3-10. It illustrates the elements in the path and the relationship between them. 

 

 

Figure 3-10  Optical Path Resource Classes 
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4. SIMULATION RESULT FOR DIGITAL OPTICAL PATH 

  
 
4.1. Digital Link - Introduction 

For digital chain, our method for generating the impairment estimate is based on dividing 

the optical path into the following models: 1) transparent node, 2) transparent link, 3) 

transmitter unit, 4) and receiver unit. The impairment evaluation (or estimation 

component within the physical layer awareness) provides the necessary estimation 

method to compute the impairment metric based on the models drawing real hardware 

data from the configuration element of the Management Plane. 

 

4.2. Comment on Modulation Formats 

Previous studies have discussed the effect of the modulation technique (i.e., RZ, NRZ, 

etc.) on the Q-factor from an analytical perspective [122,123]. In [122,124], the behavior 

of three modulation techniques (NRZ, CS-RZ, and IM-DPSK) was examined with three 

types of fiber with simulation. These studies have shown that some modulation 

techniques have superior Q performance than others, and that the performance varies 

with different types of fiber. Therefore, in our approach, the modulation technique is 

factored into the impairment estimate. 

 

We used simulation experiments to study ten modulation formats to understand their 

relationship to the Q-factor and impairment. The techniques we studied are: NRZ, RZ 

50%, RZ 70%, RZ 33%, Carrier-Suppressed RZ (CSRZ), Chirped-RZ (CRZ), DPSK, 
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IM-DPSK and CSRZ-DPSK. These nine formats falls into two camps: the intensity-based 

formats (RZs) and the phase-based formats (DPSKs). There are other families of formats 

(such as duobinary), but the listed formats are enough to demonstrate our physical 

awareness framework. 

 

Some specific modulation techniques will result in higher Q than others for the same 

types of links, as will be seen later in the simulation results. The main focus of our 

simulation is to confirm that formats play a very important role in optical path 

performance under various hardware conditions. In other words, the same data bit-stream 

modulated differently may have different BER at the receiver. 

 

In all of our simulations the results are graphed as a comparison of the different 

techniques over the same path. The y-axis of the graphs is . The simulation results 

provide an operational range reference for each impairment with respect to the 

modulation technique. All simulations are based on a random 10 Gb/s and 40 Gb/s bit-

stream. 

dBQ

 
4.3. Digital Transmission Model 

In the proposed model, we simplify the transmitter as depicted in Figure 4-1, the 

transmitter is fundamentally a component in an access node. Although the transmitter 

may employ a variety of specific technologies (e.g., DFB, DBR lasers) we maintain a 

simplified model to keep computational complexity low for the Control Plane. In digital 

link, we assume the transmission model is a unit with a continuous wave (CW) laser 
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source coupled to external modulators with electrical signal input. Though some simpler 

formats like NRZ and RZ can be transmitted in self-modulated laser, we do not include it 

in our studies. Lastly, only single electrical signal for single optical channel, hence the 

study of intermodulation distortion for digital signal is not considered.  

 

 

Figure 4-1  Digital Link Transmission Model 

 

In essence, the digital transmitter is comprised of three sub-units: the laser, the modulator 

and the format generation configuration. The format generation entails the hardware 

arrangement of optical modulators. The internal configuration of the modulator unit 

depends on the specific modulation technique used. Discussion of the modulator 

arrangement for of various modulation techniques can be found in [125,126]. 

 

The optical output power can be describe as average power since, as discussed above, 

power output is dynamic, bit-rate dependent, waveform dependent, and coding dependent. 
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For example, power average for RZ 50% is half that of NRZ. This average power is 

useful for receiver sensitivity projection. We can model the average power (for a single 

channel or wavelength) as: 

;)(1
∫= dTTfP

T
P peakout  

 
where  f(T) is the digital signal used to modulate the laser. 

 

The projected average output power can be simplified with approximation by using an 

average power coefficient for the specific modulation technique, assuming negligible 

insertion loss in modulator stages. Based on our simulation models, a table of coefficients 

is shown in table 4-1. The table represent the ratio of the optical signal and average peak 

laser power appear immediately in front of the photodetector. Based on the average 

power coefficients we can simplify the representation of average output power to: 

peakformatrtransmitteout PCP ≈−  

The value of the average power is computed with the formula shown above and stored in 

the component resource database where it can be later accessed by the control plane. Ppeak 

denotes the average power for the CW laser source. 

Format Cformat Modulators 
NRZ 0.500 1 
RZ 70% 0.347 1 
RZ 50% 0.254 1 
RZ 33% 0.178 1 
CSRZ 0.324 2 
CRZ 0.247 3 
DPSK 0.990 1 
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IM-DPSK 0.350 2 
CSRZ-DPSK 0.645 2 

 

Table 4-1  Modulation dependent power coefficients 

 

The following figures show the frequency domain pattern of various formats. 
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Figure 4-2  Frequency domain pattern of the modulation formats 

 

For physical layer awareness, the following relationships set an important limit for a 

digital link 

    )(Link),,,()( maxdBpeakdB QERformatPRINfrTransmitteQ ==  

We can safely assume that the maximum performance of a digital link lies within the 

transmission unit. It is determined by the laser RIN, the format of the signal, the average 

peak power of the CW laser and the extinction ratio (ER) of the modulators.  

 

One the primary transmitter’s contribution to impairment is the relative intensity noise 

(RIN) of the source laser, which gives rise to the optical signal to noise ratio (OSNR) 

metric originating in the laser. However, in our notion, OSNR is more appropriate to 

analog link. In digital link, it is better to use Q-factor.  

 

In figure 4-3 and 4-4, plots of QdB vs RIN (40Gbits/s and 10GHz) are shown (ER=20dB, 

Ppeak =1mW). In this plot, a noiseless receiver with no electrical bandwidth is used. The 
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RIN of a CW laser is listed in the datasheet, and it is a fixed value. If cost is not a major 

factor, it is always a good choice to select a laser with the lowest possible RIN. It is 

obvious in the plot, two groups has been formed. The first group is the intensity-based 

signals, in which we called the RZ group (NRZ, RZ50, RZ70, RZ33, CSRZ, CRZ). The 

second group is the phase-based signals, in which we term as DPSK group. Since the 

information is encoded in differently (intensity and phase), the difference is rather 

straight-forward. Besides, the decrease of QdB due to RIN value is independent of 

modulation rate. Normally, the RIN listed in the datasheet is measured against some 

particular laser power. Q-factor is dependent on OSNR. If OSNR is improved so does Q. 

OSNR is depend of Ppeak. Thus, if Ppeak is increased, Q-factor is improved. 

Q(dB)

RIN(dB)

Q(dB)

RIN(dB)  

Figure 4-3  Q(dB) vs RIN(dB) with Noiseless Receiver for 40GHz (pure optical power); 
ER=20dB, Pin=1mW (0 dBm) 
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Figure 4-4  Q(dB) vs RIN(dB) with Noiseless Receiver for 10GHz (pure optical power); 
ER=20dB, Ppeak=1mW 

 
Another parameter related to the modulation component of the transmitter is the 

extinction ratio (ER). This is the power level ratio of the optical power at the “ON” state 

over the power at the “OFF” at the output of an intensity modulator. Selecting a 

modulator with a high ER improves the Q-factor at the receiver end. Normally, ER 

ranges from 10dB to 20dB. The same modulator may give an ER of 20dB at 2.5 G/s but 

an ER of 12dB if modulated at 12.5 Gb/s. Figure 4-5 shows the effect of the extinction 

ratio on the transmitter performance. 
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Figure 4-5  Q(dB) vs ER(dB) with Noiseless Receiver for 40GHz (pure optical power); 
RIN=-160dB, Ppeak=1mW (similar graph to 10GHz) 

 
As shown in figure 4-5, ER of the modulators does affect the QdB. Again, modulation 

formats play a role. The DPSKs are more resilent to ER and stabilize after 15dB. The 

RZs are more proned to the effect of ER. Overall, most shows little improvement after 

20dB.  

 

Since both RIN and ER are fixed parameters, increasing the laser average power output is 

a way to improve QdB. As shown in figure 4-6, some links requires higher laser power to 

boost the performance for higher RIN. For RIN of –140dB, DPSKs require 4dBm, and 

RZs require 7dBm to reach a QdB performance requirement of 20dB. As indicated in 



 122

figure 4-7, for QdB =20dB, most formats is around RIN=-145. Hence for RIN=-120dB 

with similar performance, the input power has to increase by 20dB. 

CSRZ-DPSK

DPSK
IM-DPSK

RZs

CSRZ-DPSK

DPSK
IM-DPSK

RZs

 

Figure 4-6  Q(dB) vs Ppeak (dBm) with Noiseless Receiver for 40GHz (pure optical 
power); RIN=-140dB  

 

CSRZ-DPSK DPSK
IM-DPSK

RZs

CSRZ-DPSK DPSK
IM-DPSK

RZs

 

Figure 4-7  Q(dB) vs Ppeak (dBm) with Noiseless Receiver for 40GHz (pure optical 
power); RIN=-120dB  
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4.4. Digital Network Receiver Model 

Figure 4-8  shows the receiver model. The receiver is a unit within an access node. It 

basically modeled with an optical filter (due to de-multiplexer), an optical demodulator 

(for the DPSKs), photodetector, electrical low pass filter (due to photodetector and other 

electronic components), and a clock recovery circuitry. 

 

Figure 4-8  Digital Receiver Model 

 

For a receiving unit, the primary factors affecting the impairment are the sensitivity and 

. We also assume the receiver incorporates a signal analyzer or channel analyzer to 

monitor the signal (shown as OPM in the figure). Traditionally, the relationship between 

, OSNR,  (the electrical bandwidth of the receiver filter) and  (the 

optical/demultiplexer bandwidth before the detector) is summarized as in equation below; 

dBQ

dBQ eB oB

e

o
dBdB B

B
OSNRQ 10log10+=  
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This equation does not factor in all of the noise sources within the detector so it roughly 

equates OSNR to . Besides, the equation does NOT correctly predict the filtering 

effect of the signals. The reason we show the equation is that some traditional equations 

does not take into consideration various factors, and it may not be suitable for 

performance projection. This is another example that shows look-up table is superior than 

closed-form formula estimation. 

dBQ

 

Filtering plays an important role in QdB. In fact, filtering is a double-edge sword in 

which filters may filter off both noise and signal. Since photodetector resembles a low 

pass filter, it degrades signal or restrict noise at the same time. The following three 

graphs shows the effect of the photodetector bandwidth (Be) on signal QdB.  

Q(dB)

RIN(dB)

Q(dB)

RIN(dB)  

Figure 4-9  QdB vs RIN of 40GHz signal with 28GHz photodetector bandwidth 



 125

 

Figure 4-10  QdB vs RIN of 40GHz Signal with 20GHz photodetector bandwidth 

 

As shown in the above two diagrams, some formats are more resilient to filtering. 

Compared to the pure optical signals in figure 4-3, in which the performance of the RZs 

signals are almost identifical, the photodetector bandwidth has degraded some formats 

more than the others, and one of the good example is NRZ. Since RIN spreads across the 

spectrum, the “noise bandwidth” will be equal to the filter bandwidth at the receiver end, 

because only the RIN noise at that optical “bandwidth window” matters to the signal. In a 

nutshell, the figures above show that the filtering effect can not be projected with the 

simplified QdB formula listed previously. 
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Figure 4-11  Possible SCCB scenario for digital link 

 

In the receiver model, we denote Bo as the optical bandwidth of the demultiplexer 

(bandpass filter) and Be is the electrical bandwidth of the photodetector (low pass filter). 

In figure 4-11, estimation has to be performed for the possible SCCB digital link between 

the incoming formats to the photodetector with particular passband. Though linking 

40GHz data to a photodetector with 16GHz passband definitely has poorer performance 

than a 28GHz passband, it may be necessary for some scenarios where the 28GHz 

detector is broken or the resources is currently in use. The main illustration is the 

flexibility of SCCB to construct certain chain that suffers some performance degradation 

but still “works” or acceptable performance. 

 

The following plots shows simulation results for QdB versus Be with a simulated “back-

to-back” connection of transmitter to receiver. The passband of the plots is expressed in 

terms of the ratio with relative to the bitrate (= passband/bitrate).  
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Figure 4-12  QdB vs Be with RIN =-160dB and thermal noise =1e-12A 

 

Figure 4-12 shows an interesting phenomena. Beyond certain passband, QdB reach a 

maximum, and various formats reach that point at different passband. For example, 

CSRZ-DPSK requires a larger passband than the IM-DPSK to reach the peak QdB 

performance. It has to be reminded that the peak QdB is related to RIN and laser power 

level as in figure 4-3 and figure 4-4. The following plots (for some selected formats) 

further illustrate that maximum passband is independent of RIN and laser average power. 
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Chirped RZ DPSK

 

RZ 33 NRZ

 

Figure 4-13  QdB vs Be with RIN =-140dB and internal noise =10-12A with different 
laser power for selected formats. 

 
Figure 4-13 shows QdB vs Be with four formats of different laser power input. As laser 

power increase so does QdB. However, the required passband to reach the peak QdB 

remains the same for the format rather independent of laser power and RIN. NRZ 

requires a passband of 0.65 of the bitrate to reach peak performance (e.g. passband of 

6.5GHz for 10GHz bit-rate and passband of 26GHz for 40GHz bit-rate). For other 

formats, RZ 33 requires only 0.45. DPSK is 0.6 and Chirped RZ is 0.5. It is safe to say 
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that a bandwidth of 0.7 of the bitrate is sufficient for most formats. Further increasing the 

Be just degrades the QdB by accepting more noise, as illustrated by the downward slope 

after the peak.  Normally, the Be for commercial devices set a cutoff frequency at about 

70% of the bit rate.  

 

Figure 4-14  QdB vs Bo with RIN =-160dB and thermal noise =1e-12A 

 

In figure 4-14, the effect of Bo which the bandpass effect of the demultiplexer for the 

receiver is shown. Again some formats reach a peak QdB with smaller passband than the 

others (e.g. RZ 33 reach a peak with a smaller passband than NRZ). RZ 33 requires 1.0 of 

the bitrate. CSRZ requires 1.6 of the bitrate. DPSK needs an optimum passband of 2.4.  
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Figure 4-15  QdB vs Internal Noise Currents (Ampere) 

 
Figure 4-15 shows the effect of equivalent internal noise current of the photodetector 

(shot noise and thermal noise). It shows that the DPSKs though starts off with lower QdB 

than the RZs, display more resiliency towards the internal noises. For RZs, RZ 33 shows 

less resiliency than NRZ.  

Chirped RZ 

 

CSRZ-DPSK 
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DPSK NRZ 

Figure 4-16  QdB vs Internal noise with various RIN level for selected formats. 

 

Figure 4-16 shows the noise tolerance level of various selected formats with combined 

noise strength of both RIN and photodetector noises. As shown, DPSKs are more tolerant 

to noises than the RZs. The plots also shows the importance of reducing RIN since most 

internal noises hardly exceeds 10-11 A. Most links are RIN-dominated links. 

 

The graphs in and figure 4-17 and 4-18 show QdB versus the average received power. 

These two graphs illustrate the sensitivity of the receiver. The sensitivity is defined as the 

minimum received average power in order to achieve certain BER. Among the 

modulation techniques compared in our simulations, it shows the importance of the 

starting QdB from the transmitter. Increasing the received power just make the QdB 

converge to the starting RIN. 
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In less noisy link (e.g. RIN=-160dB), increasing the received power does help until the 

QdB reaches a peak performance that matches the starting RIN from the transmitter.  In 

figure 4-9, RIN of –160dB for the RZ is around 40dB, and two DPSKs are around 30dB. 

In  the link with RIN=-140dB, all 6 formats has a starting QdB around 30dB. Hence, 

figure 4-18 shows all 6 formats reach a peak QdB around the 30dB. 

 

 

Figure 4-17  QdB vs Average Received Power with RIN=-160dB 
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Figure 4-18  QdB vs Average Received Power with RIN=-140dB 

 

These graphs again emphasize the importance of RIN. Lastly, it also has to be noted the 

received average power has to be lower than the overload factor of the photodetector. 

OverloadPR
linkNlinklink

out ≤≤
ααα ...21

 

 The simple equation shows the routing protocol should make sure the received power at 

the receiver to be greater than the sensitivity of the detector (R) and lower than the 

Overload factor in order to achieve a Q that leads to a desired BER. Overloading is 

determined by the bias voltage. Within the photodetector, it is set by the maximum 

current. 
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4.5. Link Model 

Figure 4-19 shows our model of dispersion-managed links. LCF represents the large core 

fiber and DCF indicates dispersion compensated fiber. OPM is the optical performance 

monitoring. Again, we are trying to form deterministic impairment equations for the link 

model.  

 

 
 

Figure 4-19  Digital Link Model 

 

The transparent links are another key component of the OTN, (primarily in long haul or 

ultra long haul systems). For a practical link model, dispersion-managed technologies 

have to be considered since most presently deployed long-haul trans-oceanic links have 

already been equipped with dispersion management. Dispersion management is 

particularly important as we push transmission rates above 10 Gbps.  

 

A typical dispersion-managed link is built up from one or more spans. Each span can be 

considered to have three parts: the large core fiber for nonlinear minimization, the 
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dispersion shifted fiber for dispersion compensation and the in line optical amplifier 

(either EDFA or Raman).  

 

Our approach is to develop deterministic impairment equations for the link model. We do 

this by considering the following factors: 1) Power and Loss; 2) Amplifier Noise; 3) 

Dispersion;  

 

If we define each span of a link as consisting of a section of LCF, a section of DCF and 

an optical amplifier (OA) then; 

lL
LLL

G
PP fiberfiber

NMNDCFNLCF

N
NN α==

−−−
+ ;*1  

PN is the input power, and PN+1 is the output power of a span. LLCF-N is the loss from the 

large core fiber and LDCF-N is the loss from the dispersion compensated fiber. GN is the 

gain of the OA. LM-N is the power loss due splitting the signal for the monitoring 

equipment (OPM). l being the length of the fiber. The attenuation for the complete link is 

given by:  

( ) spanNspanspanlink
MDCFLCF

span LLL
G ααααα ...; 21==  

 

It should be noted that this attenuation is wavelength dependent. Figure 4-20 shows the 

effect of attenuation to QdB with laser RIN equals -160dB, photodetector internal noise 

equals to 10-12. The plots show that QdB exceeds 20dB for attenuation smaller than 20dB 

(fiber length around 100km). Some format such as DPSK may tolerate attenuation up to 
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24dB (fiber length up to 200km), which means DPSK can send twice the distance of RZs. 

The next set of graphs shows the effect of attenuation with different starting RIN (for 

various selected formats). This plots are handy for planning dynamic routes in transparent 

MAN. 

 
Figure 4-20  QdB vs Attenuation at RIN=-160dB 

 

Figure 4-21 shows 4 figures for QdB versus attenuation at various RIN level. Notice that 

at higher RIN level, increasing attenuation won’t affect much of QdB performance, for 

the early stages of attenuation. This indirectly shows that Q-penalty may not be a good 

metrics because our simulation shows that the subsequent effect of the Q-factor is highly 

subjected to the “beginning” RIN. 
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DPSK CSRZ-DPSK

 

 
RZ 33

 
NRZ

 

Figure 4-21  QdB vs Attenuation at various RIN for selected formats 

 

The next figure (figure 4-22) shows the effect of pre-amplification before the receiver. 

The amplifier has a noise figure of 5. The plots resemble figure 4-20 with slight 

improvement on QdB. This shows that the gain does not “help” much on the QdB if the 

attenuation is too high. In other words, don’t let the signal be attenuated till too low  
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Figure 4-22  QdB vs Attenuation with exact gain compensation before receiver 

 
Figure 4-23 shows the advantage of pre-amplifier before receiver for various selected 

formats. For CSRZ, gain compensation does not bring any advantage for attenuation 

lower than 18dB. For CRZ, it is 16dB. For DPSKs, the advantage of pre-amplification is 

after 10dB of attenuation. These plots shows the effect of modulation formats in gain 

management.  

Chirped RZ CSRZ 
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IM-DPSK 

 

DPSK 

 

Figure 4-23  Comparison of QdB vs Attenuation between no gain and exact gain 
compensation for selected formats 

 

Both active devices (i.e., lasers, amplifiers) and passive devices (taps, fibers) will 

generate noise. Optical amplifier noise resulting from Amplified Spontaneous Emission 

(ASE) is considered the predominant source. Therefore, we focus on ASE in our 

estimation the contribution of noise to impairment for the link model. ASE is normally is 

expressed as noise figure (NF) in device data sheets. NF is defined as: 
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For an aggregate noise figure in amplifier chain, this following formula show the 

relationship: 
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For an aggregate noise figure for an amplifier chain (or a link) of n number of similar 

spans (where G =Lspan-fiber) is given as 
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However, the above formula has correctly reflected the simulation results that we have 

run. For the span formula, it does not take into consideration of the attenuation effect 

illustrated in figure 4-22.  

 

The following plot shows the effect of aggregate NF to QdB. All formats can tolerate up 

to 28dB of noise figure. The figure shows the effect of the aggregate NF (dB) on the 

modulation techniques studied in our simulations (RIN=-160dB). At a lower NF, the 

OOK techniques show better performance.  

 

Figure 4-24  QdB vs Attenuation with Aggregate NF 
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Again, RIN dictates how the NF behaves. As in the attenuation plots, the NF plots follow 

a similar pattern. In high RIN (>-150dB), increasing NF does not degrade the QdB for the 

smaller NF (NF < 10dB). Similarly, in lower RIN, the NF has much effect on QdB. As 

shown, the plots are always non-linear in nature. The following plots shows the RIN 

effects on NF for NRZ and CSRZ-DPSK.  

CSRZ-DPSK NRZ 

 

Figure 4-25  QdB vs NF for various laser RIN (Po=5mW) 
 
 

As stated, the NF for spans (with attenuation and gain balanced) does not reflect the 

simulation results, since it does not take the attenuation effect into consideration. The 

following plots shows QdB vs spans for various balanced attenuation with NF equals to 5. 

Transmitter ….
Span

α G=

Receiver

Pre-amplifier

Transmitter ….
Span

α G=

Receiver

Pre-amplifier

 

Figure 4-26  Amplifier chain with spans of attenuation balanced gain. 
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The spans also show the number of amplifiers deployed within a fixed length link. The 

balanced attenuation in the plots can be translated into fiber length (4dB = 20km, 8dB = 

40dB, 12dB = 60km, 16dB = 80km, 20dB = 100km). 

 

CSRZ NRZ 

DPSK CSRZ-DPSK 

 

Figure 4-27  QdB vs spans with different fiber length (or attenuation) 

 

Finally, the control plane can manage the gain to improve the QdB. The following plots 

shows QdB over 100km fiber spans with different the residual gain per span.  
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Dispersion is fundamentally caused by the fiber physical properties, and it is also a 

characteristic that is unique to optical communications. The dispersion coefficient 

associated with a specific fiber is wavelength dependent as can be seen from the 

following formulas recommended by ITU-T: 

For single mode fibers (ITU-T G.652):  
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where S0 is the zero-dispersion slope.  

For dispersion-shifted single-mode fibers (ITU-T G.653): 

( ) ( ) 00 SD λ−λ=λ  

For cut off-shifted single-mode fibers (ITU-T G.654) 

( ) ( ) 15501550 1550 DSD +−λ=λ  

 

The pulse spread due to chromatic dispersion is λ∆=∆ DLtCD where L is the fiber length 

and ∆λ is the spectral width of the input pulse.  A typical dispersion-managed fiber link 

consists of positively dispersive fiber and negatively dispersive fiber, which at the end of 

the span cancels out the dispersive pulse spread. However, dispersion is wavelength 

dependent and some wavelengths may not be totally dispersion-compensated by the DCF. 

Hence some residual dispersion remains. 

( ) ( )[ ] Κ+∆+=∆ 1__ spanLCFLCFDCFDCFresiduallink LDLDt λλ  

( ) ( ) ( ) Κ+∆+∆=∆ λλλ residuallinkresiduallinkpath ttt _2__1_  
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The residual pulse spread of the path is then summed up accordingly from the residual 

pulse spread of traversed links. The following plots shows the effect pulse spread on QdB. 

 

Figure 4-28  QdB vs CVD for CSRZ and CRZ 

 

 

Figure 4-29  QdB vs CVD for DPSK, IM-DPSK, and CSRZ-DPSK 
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Figure 4-30  QdB vs CVD for RZ-33, and NRZ 

 

 

Figure 4-31  QdB vs CVD for RZ-50, and RZ-70 
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Figure 4-28 to figure 4-31 show the simulation results for  versus ∆t (residual 

chromatic dispersion pulse spread) for the modulation techniques included in our study. 

The result indicates some correlation with QdB but they are not as “smooth” as the noise 

plots. There is no satisfactory mathematical relationship that relates  with ∆t although 

some studies have been made to analyze this relationship [

dBQ

dBQ

127]. 

 

As the data rate goes beyond 10Gbps, PMD becomes the major problem. The main 

problem of PMD lies in its temporal and dynamic nature. PMD varies with temperature 

and physical pressure or vibrations of the fiber.   

 

Typical DPMD ranges from 0.1ps/√km to 0.7ps/√km. (e.g. Corning’s SMF-28 is about 

0.2ps/√km). PMD is actively studied with work relating PMD to Q factor [128,129,130] 

and providing PMD compensation methods [131]. The following plots (figure 4-32 to 

figure 4-35) show our simulation results evaluating the impact of PMD on the various 

modulation formats. The x-axis represents the  for a fiber length in meters. As in 

CVD, there is no smooth corelationship between QdB and PMD. 

PMDD
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Figure 4-32  QdB vs PMD for CS-RZ, and CRZ 
 

 

Figure 4-33  QdB vs PMD for DPSK, IM-DPSK, and CSRZ-DPSK 
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Figure 4-34  QdB vs PMD for RZ-33, and NRZ 
 

 

 

Figure 4-35  QdB vs PMD for RZ-50, and RZ-70 
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Increasing laser power in transmission unit always improve the QdB. However, the 

power may face constraint when it is coupled into the fiber. That constraint is the SBS 

threshold.  

 

The following plot (figure 4-36)  shows the transmitted power and the power of the 

Stokes wave propagated in backward direction which is dependent on the input power. If 

the laser power is above the SBS threshold, the backscattered power rapidly increases. 

The SBS threshold is where the backscattered power equals to the transmitted power. The 

simulation shows that the SBS threshold is around 8dBm (6.3mW).  

 

 

Figure 4-36  SBS Threshold 
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4.6. Node Model 

A transparent node is composed of a number of devices. We simplify the node model 

(figure 4-37) to include just the multiplexer, demultiplexer and switching elements (e.g. 

optical cross-connect and add-drop multiplexer). The switching node will induce 

insertion loss and cross-talk. Insertion losses are caused by the multiplexer, demultiplexer, 

and the switching fabric. To compensate for insertion loss, some optical switches have 

internal optical amplifiers. Given the short optical distances within the switching node, 

the dispersion effects can be ignored. Based on these considerations, we summarize the 

impairment contribution for the switching node with the following three types: filter 

concatenation and crosstalk. Both are results from filter and passband effects. 

 

Figure 4-37  Node Model 

 
In fact the most problematic impairment in a node model is the effect of filter 

concatenation or cascaded filters caused by the multiplexers and demultiplexers. Even the 

add-drop multiplexer is subjected to similar filter effect. The following graphs (selected 

formats) are similar to the optical filters plot (QdB vs passband as a ratio of bitrate) in 

previous sub-sections, however it shows the drastic Q-dB degradation of various formats, 
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most notably NRZ and DPSK. The filter concatenation effect of RZ-33, IM-DPSK and 

CRZ are not as bad as NRZ and DPSK. 

 

The following plots (figure 4-38 to 4-42) indicate that effect of passbands in various 

mux-demux pair on QdB. Shown in figure 4-38, given a 10GHz CRZ, passing through 7 

mux-demux pair of 20GHz will degrade the transmitter QdB of 38dB to 12dB. Similar 

case applies to 40GHz CRZ passing through 7 mux-demux of 80GHz. All mux and 

demux have a fixed passband. 

 

 

Figure 4-38  QdB vs Passband with signal through 7 sets of mux-demux for CRZ 
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Figure 4-39  QdB vs Passband with signal through 7 sets of mux-demux for RZ-33 
 
 
 

 

Figure 4-40  QdB vs Passband with signal through 7 sets of mux-demux for NRZ 
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Figure 4-41  QdB vs Passband with signal through 7 sets of mux-demux for IM-DPSK 
 

 

Figure 4-42  QdB vs Passband with signal through 7 sets of mux-demux for DPSK 
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The following plots (figure 4-43 to 4-45) show the effect of crosstalk from the signals of 

the adjacent channels. Three 40GHz signals (CSRZ, NRZ and RZ50) are multiplexed and 

demultiplexed with channel spacing of 100GHz. Assume that we want to design an 

optimum passband for the mux and demux, what will be the value? 

 

The results shows that depending on how many stages of mux-demux pair, the 

“optimum” passband differs. Each stage of mux-demux have a “peak” Q-dB before the 

crosstalk degrades the signal. If the signal (CSRZ) only passes through 1 node, the 

optimum passband of the mux-demux should be set in 65GHz. If 40GHz CSRZ passes 

through two stages of mux-demux, both the first node and second node should have a 

passband of 75GHz. If the passbands are designed at the “peak” passband of one stage 

(70GHz), then the third stage will be severely degraded than its peak passband of 85GHz. 

The DWDM transparent node posted a severe “man-made” impairment due to the filter 

concatenation effects of the mux-demux pair. The design of transparent switching node 

with wavelength-interchangeable cross-connect (WIXC) has to seriously considered the 

mux-demux that supports variable bandwidth. Otherwise, passband impairment will 

severely hamper the bitrate independent nature of an all-optical network.  
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Figure 4-43  QdB vs Passband for CSRZ with single adjacent channel (NRZ) 
 

 

Figure 4-44  QdB vs Passband for CSRZ with single adjacent channel (RZ50) 
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Figure 4-45  QdB vs Passband for CSRZ with two adjacent channels (RZ50 & NRZ) 

 

Congruent to the themes of formats, some formats are more resilient to crosstalk. The 

following plots shows 3 signals are fed into a series mux-demux pair with each format 

takes turn to be “sandwiched” by the other two signals. For example, CSRZ-NRZ-RZ50 

means NRZ is suffering two crosstalk interference from both CSRZ and RZ40. Whereas 

in NRZ-CSRZ-RZ50, CSRZ is being “sandwiched” with crosstalk from both NRZ and 

RZ50. Set #2 denotes the second set of mux-demux. All graphs show that NRZ has the 

best crosstalk tolerance, following by CSRZ, and RZ33 (refer to the plots after the “peak” 

in figure 4-46). 
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Figure 4-46  Filtering and Crosstalk influence on “sandwiched” signal 

 

Table 4-2 shows some of the reference values for various technology that are used to 

realize the node model [132]. Some devices, such as an interleaver and an add-drop 

multiplexer, may contribute to PMD. In this work we neglect this PMD. 
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Component Insertion
Loss 
(dB) 

Polarization
Dependent 
Loss 

Cross-Talk/ 
Isolation 
(NF) (dB) 

AWG 2.7 - 6.0 0.2 – 0.5  25 – 35 
Fused Fiber 0.3 – 0.5 0.1 12 – 16 
Interleaver 2.0 0.4 24 – 25 
Thin Film Filter 0.8 – 1.0 0.1 – 0.2 25 – 50 
Add-Drop 1.3 0.1 25 – 50 
2x2 On/Off Switch 0.6 0.07 65 
MEMS 0.5 - 0.7 0.1 – 0.3 50 –55 

 

Table 4-2  Typical Values of Node Model Devices 

 

4.7. The Monitoring Formulation 

Another important aspect of our impairment method is the monitoring formulation. As 

mentioned before, there are a number of in-line performance monitors that can be put in 

the transparent network (e.g. OSNR meter, PMD meter, etc) [29]. It has to be noted that 

the monitoring formulation is dependent on the nature of the device and modulation 

format. To illustrate this concept, we only limit our analysis and method to the Q-factor 

monitoring laid out in ITU-R O.201.  

 

The definition of the Q-factor assumes Gaussian noise distribution around the logic levels. 

This is generally applicable to the NRZ and RZ formats, including the DPSKs. For the 

DPSKs, the format is either NRZ or RZ after the 1-bit shifter MZI (or the optical 

modulator in the receiver model). However, the measurement of the Q-factor for 

advanced formats such as optical CDMA may not be well placed since the logic level 

does not follow Gaussian distribution [133]. 
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In reality, the Q-monitor is often required to “estimate” the Q-factor in “non-ideal” case, 

such as a “not-so-perfect” Gaussian fit.  

 

In our method, the impairment-monitoring element works closely with the performance 

management and the fault management protocol elements of the Management/Control 

Plane. ITU-T O.201 describes a formula to relate the measured Q to OSNR. In the case 

that the receiver intrinsic noise can be neglected, the relation between Q, OSNR and ER 

signals is given by:  

For NRZ: 
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Recall that  is the electrical bandwidth of the receiver (recommended to be set around 

0.75×Bit rate).  is the optical bandwidth of the “dropped” channel drop before O/E 

conversion, and  is the optical bandwidth of the OSNR characterization.  
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The above equation is designed for NRZ signals. For RZ signals, some modification is 

needed, as shown. The difference between RZ and NRZ coded signals is the pulse width 

of the "1" pulse. So, one more expression has to be added to the Extinction-Ratio term, 

which reduces the modulated part of the optical signal from NRZ to RZ (i.e., pulse width 

of RZ divided by pulse width of NRZ). 

 

The monitoring protocol element communicates with the performance element when any 

device degradation or faults are detected. Within some threshold the performance element 

will simply update the appropriate database to ensure that the impairment estimates will 

be correct. Beyond that threshold the performance element must take action. If there are 

performance turning mechanisms the network can attempt to tune appropriate optical 

devices to restore performance. If there are no such mechanisms, or if the performance 

continues to exceed acceptable thresholds, the performance element will invoke the fault 

management protocol element. This element will consider the appropriate path object 

(span, link, or node) to be failed and will pursue a restoration strategy according to 

policies. This may include finding a new path or switching to a pre-established redundant 

path. 

 

Impairment monitoring can support dynamic compensation methods either at the receiver, 

transparent nodes, or optical amplifier. Impairments such as PMD are best handled 

through compensation [131], since PMD varies with temperature and pressure. Our 

impairment estimate can provide information to control a tunable dispersion compensator 
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at the receiver. Gain management at the optical amplifier level could also be supported to 

improve the quality of a path but will also affect other wavelengths.  

 

4.8. End-to-End Scheme 

4.8.1. Comments on Policy Setting 
 
To plan a route within a transparent network with physical layer awareness requires 

service provider to set the desired quality of the configurable path below a certain BER. 

A BER of 10-12 corresponds to a QdB of 17dB. This value eventually is translated to the 

hardware setting and compensation scheme. 

 

4.8.2. Long Haul Transparent Mesh with Dispersion Managed Link 
 
Fundamentally, for optical impairment constrained path selection we must evaluate the 

models discussed above along a complete path. That is, all of the impairments have to be 

evaluated “cumulatively” in a dynamic network. An example of such paths is illustrated 

in figure 4-47. The figure shows an OTN with two types of nodes: the Access Node (NA) 

and Switching Node (NS). An NA contains all the grooming functions for the electrical 

(legacy) network interface and performs optical-electrical-optical (OEO) conversion. The 

NS is a node with an all-optical switch, and possibly optical add/drop multiplexer that 

transparently directs the lightpath. Three possible paths are shown, each consisting of two 

access nodes separated links and switching nodes. Using noise as an example, we 

illustrate the estimation of the impairment along the end-to-end path. Noise and filtering 
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are two impairments that can’t be compensated in the all-optical domain. Signal laden 

with noise and distorted by filtering have to be regenerated.  

 

Figure 4-47  Mesh MAN End-to-end Scheme 

 

Figure 4-48 shows our simulation result for noise and filtering of the end-to-end path. In 

this simulation, the PMD and CVD are assumed to be fully compensated. The upper line 

shows the results for the node (passband 40GHz) without the fiber. The second line 

depicts a 1 span link (i.e. there is a node after each 1 span). The third and fourth lines 

show the 5-span and 10-span link, respectively. Each fiber span is a 50km long dispersion 

managed fiber with a 10dB amplifier (NF=5dB). 
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End-to-End Noise Impairment for NRZ
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Figure 4-48  Projection of end–to-end ASE and Transparent Node filter concatenation, 
10GHz signal passing 40GHz passbands). Qdb vs number of nodes. 
  

The plot clearly shows that the filter effect plays a more dominant role in impairment 

than the ASE. Table 4-3 shows the monitored value of Q for various end-to-end paths 

with different number of spans (50 km long) and nodes. The last column of the table 

shows the projected value of Q, as deduced from figure 4-48.  

  

 As an engineering rule of estimation with the use of Figure 4-48, the control plane can 

project a noise impairment Q-factor for a specific number of spans and nodes. For 

example, the fifth row of the table shows a path with 40 spans and 3 nodes. From Figure 

4-48, we choose the 10-span link line at the 4th node point (value=23.6dB) which is about 
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0.2 dB below the table value. This shows a method to implement the impairment 

projection and monitoring at the control plane. Figure 4-47 can hence be stored as a look 

up table in the control plane. Projected Q for 1st link => 1+1+58=60spans 2 nodes => use 

20 spans plot line in  figure 4-48 and count to the 3rd node =>22.5dB. Same applies to 

link 2 => 20+20+20=60spans 2 nodes. Third link has 15 spans 2 nodes, use 5-span plot 

and count the 3nd node => 27.6dB. Four link has 20 spans 3 nodes => use 5-span plot and 

count to the 4th nodes => 25.7dB. 

 

Monitored Q Projected Q 
1 span 1 span 58 span   2 nodes  

3 links 38.26 34.47 22.20  22.5 
20 span 20 span 20 span   2 nodes  

3 links 27.30 24.41 22.60  22.5 
4 span 8 span 3 span   2 nodes  

3 links 33.78 28.90 27.42  27.6 
2 span 5 span 10 span 3 span  3 nodes  

4 links 36.24 30.90 26.97 25.99 25.7 
10 span 20 span 5 span 5 span  3 nodes  

4 links 30.20 25.46 24.59 23.91 23.6 
 

Table 4-3  Monitored and Projected Values of Q for end-to-end analysis (NRZ) 
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5. DISCUSSION AND ANALYSIS OF EYE DIAGRAM 

 
5.1. Reexamination of Q-factor 

Though we have illustrated that QdB does show some relationship with various 

impairments, the question remains:  is Q-factor a valid (or suitable) single-criteria metric 

for link performance estimation? 
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Looking into the formula of Q, Q is a “level” or amplitude type metric. In the coming 

sections, we examine the eye diagram to evaluate the validity of Q with relationship to a 

particular impairment. 

 

5.2. Q-factor and RIN  

 

 

Figure 5-1  CSRZ; QdB = 35.07dB with RIN=-160dB (receiver with no electrical filter) 
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Figure 5-2  CSRZ; QdB = 25.08dB with RIN=-150dB (receiver with no electrical filter) 

 

Figure 5-1 and figure 5-2 look at the effect of RIN on Q-factor. The left side of the eye 

diagram represents the corresponding signal distribution of the logic levels. The CSRZ 

signal is received without the effect of electrical bandwidth (the low pass filter effect of 

the receiver). Increasing RIN from –160dB to –150dB has enlarged σ1 thus degrading Q. 

 
5.3. Q-factor and Extinction Ratio 

 
 

Figure 5-3  NRZ; QdB = 34.97dB with RIN=-160dB and ER=20dB (receiver with no 
electrical filter) 
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Figure 5-4  NRZ; QdB = 34.97dB with RIN=-160dB and ER=7dB (receiver with no 
electrical filter, all-pass) 

 
Figure 5-3 and figure 5-4 examine the effect of extinction ratio of MZM for Q. As the ER 

decrease from 20dB to 7dB, |µ1-µ0| has decrease (in this case µ1 has decreased and µ0 has 

increased) and σ0 has increased, thus degrading Q. The subsequent eye diagrams will be 

based on an ER of 20dB. 

 
5.4. Q-factor and Laser Power 

 

 
Figure 5-5  RZ33; QdB = 18.32dB with RIN=-142dB and laser power = 1mw  (receiver 
with no electrical filter) 
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Figure 5-6  RZ33; QdB = 28.22dB with RIN=-142dB and laser power = 10mw  (receiver 
with no electrical filter) 

 
Figure 5-5 and figure 5-6 examine the effect of laser power. As the laser power increase 

from 1mW to 10mW (or 10dB increase), QdB also has been improved for 10dB, because  

µ1 has expanded while other 3 parameters remain the same. The subsequent eye diagrams 

will be based on a laser power of 1mW, unless specified otherwise. 

 
 

5.5. Q-factor vs Photodetector Passband  

 

Figure 5-7  NRZ; QdB = 42.08dB with RIN=-160dB and Receiver bandwidth = 
0.7*Bitrate 
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Figure 5-7 shows the beneficial effect of receiver bandwidth (low pass filter). We have 

established in the previous chapter that a passband of 0.7*bitrate gives the best QdB 

performance. Compared to figure 5-3 (NRZ), the eye diagram of figure 5-7 looks much 

smoother since most undesired noise has been filtered. 

 

Figure 5-8  NRZ; QdB = 14.81dB with RIN=-160dB and Receiver bandwidth = 
0.35*Bitrate 

 

Figure 5-8 shows the ill effect of a narrow receiver bandwidth. A passband of 

0.35*bitrate has distorted the signal which in effect “enlarge” both σ0 and σ1. Due to 

small noise margin, the one small σ distribution in figure 5-7 has been filtered to have 4 

small σ distribution for both σ0 and σ1. The Q algorithm just simply treat the 4 small σ 

distribution as 1 enlarged σ  distribution. The result is the drastic degradation of Q. 

 

The following figure 5-9 and figure 5-10 show the combined effect of a high RIN and a 

narrow receiver bandwidth. The noise of RIN (the thick noise margin) has almost 

“smeared” the effect of filtering in figure 5-10 for σ1. Both RIN (-130dB and –160dB) 
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show similar Q performance in the same electrical passband (0.35*bitrate) though the 

outlook of the eye diagram is different. According to the computation of the Q simulation, 

the σ of both cases “appear” to be the same. 

 

Figure 5-9  NRZ; QdB = 24.76dB with RIN=-140dB and Receiver bandwidth = 
0.7*Bitrate 

 
 

 

Figure 5-10  NRZ; QdB = 14.31dB with RIN=-140dB and Receiver bandwidth = 
0.35*Bitrate 

 

Q is traditionally based on “level” distribution based on Gaussian noise to deduce to BER. 

However, filtering has broadened the variance of the level distribution that appear to be 
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like “noise”. The combination of filtering and noise has lead to two significant 

indications: (i) the usage Q penalty metrics; (ii) the relationship of BER and Q. 

 

Q penalty is defined as [134] and it has been used in various articles to establish optical 

performance [135,136,137].  
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end

start −==  

In our case of RIN=-160dB, Q penalty= (42.08-14.81)dB = 27.27dB. Whereas in RIN=-

130dB, Q penalty=(24.76-14.31)dB = 10.45dB. Most articles did not mention the Qstart 

which eventual lead to the different Q penalty. Hence, I would like to caution the usage 

of Q penalty. The subsequent eye diagrams will show this recurring theme.  Besides, the 

introduction of filtering may have distorted the statistical relationship of BER and Q 

based on Gaussian noise (or noise in general). 

 

5.6. Q-factor, Attenuated Signals and Receiver Noise 

 

Figure 5-11  CSRZ; QdB = 35.94dB with RIN=-160dB, signal=-10dBm, Receiver noise 
= 1e-12A. 



 172

 
The noise current sources (shot noise and thermal noise) within the receiver, is major 

contributor to the sensitivity of receiver. The lower the noise sources, the better the 

sensitivity of the receiver since the receiver can detect smaller (or highly attenuated) 

signals.  

 

Figure 5-12  CSRZ; QdB = 16.39dB with RIN=-160dB, signal=-25dBm, Receiver noise 
= 1e-12A. 

 

 

Figure 5-13  CSRZ; QdB = 23.72dB with RIN=-140dB, signal=-10dBm, Receiver noise 
= 1e-12A. 
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In figure 5-11 to 5-14, it is rather straight forward to observe that attenuated signal has 

diminish both µ1 and σ  with the same proportion.  Within the receiver, the noise sources 

has increased both σ  but not µ1, thus overall degrades Q. These four eye diagrams show 

the similar theme of Q penalty as described in the previous section, in which both the 

value of Qend (15.57dB and 16.39dB) are rather close to each other but not Qstart (35.94dB 

and 23.72 dB), hence lead to a different value of Q penalty with the same impaired device. 

Q penalty has to be cautiously used to characterize impairment. 

 

Figure 5-14  CSRZ; QdB = 15.57dB with RIN=-140dB, signal=-25dBm, Receiver noise 
= 1x10-12A. 

 
 
5.7. Q-factor and Noise Figure 
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Figure 5-15  RZ33; QdB = 40.62dB with RIN=-160dB, NF=0 

 
Noise figure is another straight forward impairment. Both RIN and ASE noise figure are 

major noise contributors. Though both are in dB unit, there is no linear relationship to 

add up the noises. In fact, the eye diagrams show again the recurring them of the effect of 

Qstart. The same noisy device with 20dB noise figure doesn’t affect much on the signal 

that has a low QdB.  

 

Figure 5-16  RZ33; QdB = 27.74dB with RIN=-160dB, NF=20dB 

 
 

 

Figure 5-17  RZ33; QdB = 23.38dB with RIN=-140dB, NF=0dB 
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Figure 5-18  RZ33; QdB = 22.10dB with RIN=-140dB, NF=20dB 

 

5.8. Q-factor and GVD 

 

Figure 5-19  CSRZ; QdB = 40.86dB with RIN=-160dB 

 
 
Figure 5-19 is an eye diagram that should be compared to figure 5-1 to illustrate the 

benefit of the electrical bandwidth in the receiver. In figure 5-20 and 5-21, the 

intersymbol interference (ISI) of the chromatic dispersion has distorted the signal into 

(again) “multiple” noise distribution. This seems to resemble the eye diagram distortion 

caused by filtering.  
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Figure 5-20  CSRZ; QdB = 29.42dB with RIN=-160dB, D=1e-6 (for 10km fiber) 

 

 

Figure 5-21  CSRZ; QdB = 15.91dB with RIN=-160dB, D=5e-6 (for 10km fiber) 

 

 

Figure 5-22  CSRZ; QdB = 22.86dB with RIN=-140dB, D=1e-6 (for 10km fiber) 
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Figure 5-23  CSRZ; QdB = 14.93dB with RIN=-140dB, D=5e-6 (for 10km fiber) 

 

In figure 5-22 and 5-23 similar pattern has recurred as in filtering. For high RIN signal, 

the thick noise margin just “smears” over the impairment caused by dispersion. Though, 

dispersion has shown to be correlated to QdB (in level distribution). There are new 

proposed Q-factor to deal with phase noise and ISI: differential phase Q or DP-Q.  

 

QdB is an amplitude metric (vertical axis), and DP-Q is a time domain (or phase) metric 

(horizontal axis). Assuming a Gaussian distribution for the noise at each bit slot, DP-Q is 

defined as [138], where σ∆φ,0 and σ∆φ,π represent the standard deviations of the  phase 

error. DP-Q has been successfully estimating the BER of RF-DPSK [139]. 
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There are concerns that in the presence of ISI and noise the Q factor and the BER do not 

have an exact relation, since these effects broaden the estimated variance [140]. Similar 

approach should be taken for filtering effect. So far there is no “unified” Q metric to cater 

the effects of the combined impairments (noise + ISI + filtering). 
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5.9. Q-factor and PMD 

 
Figure 5-24  NRZ; QdB = 21.01dB with RIN=-160dB, DGD=10ps (for 100km fiber) 

 

PMD is a more unpredictable impairment. As shown in figure 5-24 and similar to GVD 

eye diagrams, PMD does distort the eye diagram that reflects in Q computation. In figure 

5-24, 4 fine-line noise margins have been distributed further apart from each other for σ0 

has again appeared to the Q algorithm to be a large path of noise. 

 

Figure 5-25  NRZ; QdB = 31.26dB with RIN=-160dB, DGD=10ps (for 120km fiber) 
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Compared to figure 5-24, figure 5-25 show the eye diagram of the signal just travel 20km 

longer. The fine-line noise margins are less far apart (σ0) compared to figure 5-24, hence 

greatly improved the value of Q. 

 

Figure 5-26  NRZ; QdB = 15.59dB with RIN=-160dB, DGD=10ps (for 500km fiber) 

 

Figure 5-26 is a eye diagram that is seriously affected by ISI due to PMD pulse spread. 

We can now deduced that PMD and filtering has been more dominant than noise in Q 

degradation.  

 

5.10. Q-factor and Mux-Demux 
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Figure 5-27  CRZ; QdB = 39.66dB with RIN=-160dB, Passband=1.5*Bitrate, Mux-
Demux Set#1 

 

Mux-demux pair display the similar “distortion” as the receiver electrical bandwidth. The 

only difference is that mux-demux are optical bandpass filters instead of electrical low 

pass filter. Figure 5-27 to 5-29 shows the eye diagram degradation of mux-demux pair. 

Set #n denotes that the signal is tapped out after n-number of mux-demux. 

 
Figure 5-28  CRZ; QdB = 23.23dB with RIN=-160dB, Passband=1.5*Bitrate, Mux-
Demux Set#2 

 

 
Figure 5-29  CRZ; QdB = 15.97dB with RIN=-160dB, Passband=1.5*Bitrate, Mux-
Demux Set#3 
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Similar to noise and unlike dispersion, we don’t think that impairment caused by filtering 

can be compensated optically, other than regeneration. Figure 5-30 and 5-31 shows the 

effect of amplification after the filter impairment. Optical amplification does not improve 

Q, since amplification just increase the signal level, along with increasing the distortion 

proportionally. 

 
Figure 5-30  CRZ; QdB = 23.19dB with RIN=-160dB, Passband=1.5*Bitrate, Mux-
Demux Set#2, Pre-Amplifer=5dB 

 
 

 
 

Figure 5-31  CRZ; QdB = 15.95dB with RIN=-160dB, Passband=1.5*Bitrate, Mux-
Demux Set#3, Pre-Amplifer=5dB 
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5.11. Q-factor, Filtering and Crosstalk 

 
Figure 5-32 to figure 5-35 are based on figure 4-45 in which CSRZ signal is adjacent to 

both NRZ and RZ50, hence suffer two crosstalks from both adjacent channels. The 

crosstalks effect with filtering are illustrated in the following eye diagrams. 

 

 
Figure 5-32  CSRZ; QdB = 24.26dB with RIN=-160dB, Passband=80GHz 
Bitrate=40GB/s, Mux-Demux Set#1 

 
 

 
Figure 5-33  CSRZ; QdB = 25.48dB with RIN=-160dB, Passband=80GHz 
Bitrate=40GB/s, Mux-Demux Set#2 
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Figure 5-34  CSRZ; QdB = 19.62dB with RIN=-160dB, Passband=80GHz 
Bitrate=40GB/s, Mux-Demux Set#3 

 
 

 
 

Figure 5-35  CSRZ; QdB = 15.77dB with RIN=-160dB, Passband=80GHz 
Bitrate=40GB/s, Mux-Demux Set#4 
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6. CONCLUSION AND FUTURE WORKS 

 
6.1. Summary of the Chapters 

Photonic architecture will continue to play an increasing role in the communication of 

tomorrow. This dissertation is the presentation of our vision for the overall architecture 

for both OTN and photonic radio, and the steps towards the realization of the architecture. 

In this first step, we have chosen to look into the implementation of physical layer 

awareness of OTN that lead to the performance estimation based on impairment.  

 

In chapter 1, we provided the background of OTN and software defined radio. We 

presented our vision of an integrated photonic architecture in which an “opticalized” 

version software radio is attached to the OTN core as a photonic radio node. The chapter 

concluded with the problem statements and research objectives of this dissertation.  

 

In chapter 2, the conceptual development of the photonic architecture that satisfied 

various emerging communication trends and objectives is presented. The architecture 

supports a platform with characteristics of all-in-one, future-proof, physically aware and 

dynamically reconfigurable. This leads to the development of frameworks: photonic-

based, physical-layer-awareness, and dynamic processing chain. 

 

Chapter 3 concerns the framework of physical layer awareness relates to and extend the 

existing research on impairment routing and ASON. The chapter describes various steps 
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to extend on the current control and management planes to include impairment estimation, 

monitoring and eventual adaptation in a dynamically reconfigurable OTN.  

  

Chapter 4 relates our preferred metrics, Q-factor, with various optical impairments (e.g. 

RIN, ER, ASE, filtering, dispersion, etc). With this single-criteria metric, we are able 

compare and identify the more dominant and yet overlooked impairments. In the end we 

propose an end-to-end path performance estimation based on Q-factor on noise and 

filtering effect. 

 

In chapter 5, the eye diagram is examined to validate various Q estimations with relation 

to the impairments. Various non-noise impairments have distorted the Eye-diagram in a 

way that the Q computation treated them as noise. 

  

6.2. Key Findings and Conclusions 

This work serves as the first steps to realize one of the key concepts of our visions: the 

physical layer awareness for photonic architecture. With our end-to-end framework, we 

have discovered two impairments that have not been significantly discussed in the 

existing literature: the effect of RIN on the starting Q, and the impairment of filtering.  

 

Though RIN is used in most analog link research, somehow it is rather overlooked in 

digital optical networks. The inclusion of RIN has prompted us to look at Q-penalty 

measurement with some reservation. We have shown that in chapter 5, Q-penalty is not a 
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good metric to characterize impairments because of the non-linear characteristic of Q. 

Furthermore, Q computation is based on noise. Degradation of Q resulting from 

impairments that are not noise-based (e.g. filtering, dispersion), are interpreted as noise.  

It is shown that starting Q plays an important role in Q-penalty that may lead to different 

results.  

 

The importance of the filtering effect in the OTN as an impairment has been overlooked 

by most transparent network researchers. Careful examination of eye diagrams reveals 

that filtering does distort and degrade the signal quality. The only compensation 

technique is regeneration. Unlike ASE, which is primarily studied in optical long haul 

research, filtering exists in both long haul and metro level networks. We found that 

filtering is a serious limitation to bit-rate independence, protocol independence and 

network scalability promised by transparent network technology. Filtering has to be given 

an equal status to noise and dispersion as serious impairments requiring some 

compensation. 

 

Q has been shown as a useful single-criteria metric to be used in making routing 

decisions, though the present Q computation may require refinement. With a new 

impairment affecting the Q, the estimation of BER based on traditional Q computation 

may not hold valid. Q derived from eye diagrams may require new improvement to create 

a new set of metrics to identify individual impairments since it is shown that the effect 
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some impairment can be deduced from the eye diagram. Q may make a good link metric, 

but not a good metric for specific impairment compensation. 

 

According to our simulations, the specific type of modulation technique used to transmit 

the data has an important effect on the performance of the optical path. This confirms 

some experimental result that has been performed earlier. Modulation formats have to be 

factored in as an essential part of routing decision in OTN 

 

We have presented an approach for incorporating an estimate of dynamic optical 

impairments into an integrated Management/Control Plane supporting the overall 

intelligent transparent network. This method is developed based on analyzing the 

impairment contributions of each path component; and developing the cumulative 

impairment estimation format, that includes modulation technique as a factor for 

impairments, and uses Q-factor as the path performance metric.  

 

6.3. Future Works 

Since this work on OTN is just the beginning steps to realize a unfied photonic 

architecture, the following are various immediate research tasks for near future. 

 

Q has to be refined. New metrics should be proposed and derived from the eye diagram. 

A good example will be DP-Q for phase error, which has been gaining momentum to 
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estimate BER due to ISI. Besides, Q has to be de-composed into finer grain to identify 

the particular type of impairment is affecting it. 

 

So far we have not fully tabulated impairment with Q, especially the fiber non-linearities 

and the scattering. Our end-to-end Q estimation only takes filtering and noise into 

consideration. A broader scope of impairments needs to be included. 

 

The other two components of the physical awareness, monitoring and adaptation, have to 

be studied. This can only be done after a more refined work on performance estimation.  

 

Word should be done to apply the similar framework and steps to analog link for 

photonic radio. The following steps of are equally applicable to analog dynamic chain in 

SCCB radio node as for OTN: Select the chain or system performance metrics in 

accordance with signal format. Categorize and extract component impairments 

parameters in conjunction with technological domain. Compute cascading and 

cumulative impairment and performance. Monitor the output and feedback to the system. 

Compensate the chain performance via reconfiguration or compensation components. 
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APPENDIX A. SELECTED VIRTUAL PHOTONICS SCHEMETICS 

 

 

Appendix-1  RIN Testing with 10 modulation formats
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Appendix-2  Filtering and Crosstalk for NRZ, CSRZ, and RZ50 

 
 

 
Appendix-3  Eye diagram and histrogram analysis for Chirped-RZ 

 
 

 
Appendix-4  Optical path analysis with 3 links and 2 nodes for NRZ 
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