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POLC --------------------------------Polarization Controller 
PON ----------------------------------Passive Optical Network 
PRBS---------------------------------Pseudo-random Bit Sequence 
PSD-----------------------------------Power Spectral Density 
QLASE --------------------------------ASE-limited Quantum Limit 
RA ------------------------------------Raman Amplifi er 
RB ------------------------------------Rayleigh Backscattering 
RB1 -----------------------------------Type 1 Rayleigh Backscattering 
RB2 -----------------------------------Type 2 Rayleigh Backscattering 
RZ ------------------------------------Return to Zero 
SBS -----------------------------------Stimulated Brillouin Scattering 
SRS-----------------------------------Stimulated Raman Scattering 
SE-------------------------------------Spectral Efficiency 
S/N, SNR ----------------------------Signal to Noise Ratio 
SOA ----------------------------------Semiconductor Optical Amplifier 
TC ------------------------------------Transfer characteristic, Temperature controller 
VCSEL ------------------------------Vertical Cavity Surface Emitting Laser 
VCSOA------------------------------Vertical Cavity Semiconductor Optical Amplifier 
VOA----------------------------------Variable Optic al Attenuator 
VOD----------------------------------Video on Demand 
WSS ----------------------------------Wide Sense Stationary 
XGM ---------------------------------Cross Gain Modulation 
XPM----------------------------------Cross Phase Modulation 
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LIST OF SYMBOLS 
 
 

ααααΡΡΡΡΒΒΒΒ ...............................................Ratio of noise rejection to total available noise    
ααααmod..............................................Average power to peak power scaling ratio 
ββββ ...................................................Ratio of peak power to average power 
Be .................................................Electrical Filter Bandwidth (Hz) 
Bo .................................................Optical Filter Bandwidth (Hz) 
BRBW ............................................Resolution Bandwidth Filter (Hz) 
Bs .................................................Gaussian Approximated Signal Bandwidth (Hz) 
b(t) ...............................................Optical filter impulse response 
C ..................................................Capacity (bits/s) or Capacitance (F) 
d...................................................Duty Cycle of the pulse 
∆∆∆∆f .................................................Frequency Offset (Hz) 
∆ν∆ν∆ν∆ν.................................................Laser Linewidth (Hz) 
esig(t) ............................................Optical Signal Field Amplitude into Preamplifier 
ex, ER ..........................................Extinction ratio (linear units) 
F...................................................Noise Figure (dB) 
FISI ...............................................Q-factor scaling factor from filter induced ISI 
G..................................................Amplifier Gain  
Gopt ..............................................Optimal gain at ONU 
γγγγ ...................................................Inverse ER 
γγγγmod ..............................................OSNRASE measurement scaling factor 
gL ................................................Single pass gain 
ηηηηpol,    ηηηηRB .......................................RB Polarization Coefficient 
h(t) ...............................................Electrical filter impulse response  
H(f) ..............................................Receiver Filter Frequency Response 
I av.................................................Average Intensity Inside VCSOA 
I bias...............................................Bias Current 
I in ................................................. Input Intensity 
I ref ................................................Reflected Intensity 
I th .................................................Threshold Current 
I trans..............................................Transmitted Intensity 
L ..................................................Span Loss (1/km) 
µµµµ1 .................................................Mean Mark Photocurrent (A or V) 
µµµµ0 .................................................Mean Space Photocurrent (A or V) 
NASE .............................................ASE Spectral Density (W/Hz) 
nph ................................................Number of Photons 
nQL ...............................................ASE-limited Quantum Limit (photons/bit) 
P1 .................................................Peak Pulse Power (W) 
Pave, <Ps>.....................................Average Signal Power (W) 
PL .................................................Launched Power (W) 
pm.................................................Average Mark Probability 
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PRB ...............................................Total RB Power (W) 
Q..................................................Q-factor 
R ..................................................Data Rate (bits/s), or resistance (ΩΩΩΩ) 
RD ................................................Detector Responsivity (A/W or V/W) 
σσσσ1 .................................................Mark Standard Deviation (A or V) 
σσσσ0 .................................................Space Standard Deviation (A or V) 
s(t)................................................Photocurrent at decision circuit 
sth .................................................Decision Circuit Sampling Threshold (A or V) 
Sactual(f) ........................................Actual RB PSD (W/Hz) 
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SRB ...............................................Rayleigh scattering coefficient 
SRB(f) ...........................................RB PSD (W/Hz) 
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ts...................................................Sampling Instant Relative Phase (s) 
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 The work in this thesis covers the critical aspects of optical noise in 

bidirectional and optical logic systems. With applications ranging from ultra-dense 

transmission and fiber-to-the-home to all-optically routed networks and optical 

computing, bidirectional fiber optic links and optical digital logic play an important 

role in future photonics systems. As with any communication systems, the 

fundamental performance of bidirectional and optical logic systems is ultimately 

limited by noise. In this thesis, the impact of optical noise in bidirectional and optical 

logic systems is investigated with the goal of determining the optimal design and 

performance requirements of future systems.  

 Two types of bidirectional optical systems are analyzed: interleaved 

bidirectional systems and passive optical networks. It is demonstrated, both 
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theoretically and experimentally, that Rayleigh backscattering noise is a fundamental 

limitation in bidirectional systems. Owing to its absence in conventional unidirectional 

systems, Rayleigh backscattering noise is an oft neglected noise mechanism in optical 

fiber systems and few design rules exist which seek to minimize its impact. It is shown 

that in bidirectional fiber systems, Rayleigh backscattering places markedly unique 

constraints on optical link design with respect to receiver design, system power 

budget, capacity and choice of modulation format. New design rules are offered which 

rigorously account for the deleterious impact of Rayleigh backscattering noise in fiber 

optic systems.   

 This thesis also addresses the role of noise in future optical logic systems. In 

particular, experimental work characterizes the progress of optical Boolean logic 

functionality in bistable 1550 nm Vertical Cavity Surface Emitting Lasers. Record 

bistable switching powers in 1550 nm Vertical Cavity Semiconductor Optical 

Amplifiers are observed and a novel, cascadable 1550 nm optical inverter is 

demonstrated up to 2.5 Gb/s. Positive noise margins and signal regeneration is 

achieved representing an important step towards the realization of robust, noise 

immune optical information processing systems.    



 

 1 

1. Introduction 
 
1.1  Information and Noise in Communication Systems 
 
 The genesis of the Information Age is marked by the 1948 publishing of 

Claude E. Shannon’s seminal work “A Mathematical Theory of Communication” [1].  

In his paper, Shannon described many of the fundamental concepts and principles that 

would later become the theoretical foundation for the burgeoning scientific field of 

information theory.  One of the central contributions of Shannon’s work was, with the 

aid of previous work by Hartley [2], the simple mathematical relationship linking the 

achievable channel capacity of a band limited power-constrained signal corrupted by 

Gaussian noise  

 






 +=
N

S
BC 1log2  (1.1)  

where C is channel capacity (bits/sec), B is channel bandwidth (Hz), S is signal power 

(W) and N is noise total noise power (W).  Physically, (1.1) reveals that the total 

amount of error-free information that can be sent through a noisy channel is limited 

by the available bandwidth of the channel and the signal to noise ratio (S/N or SNR) 

of the transmitted signal.  Whereas his contemporaries had assumed that no 

information could be transmitted for sufficiently high noise levels [3], Shannon  

realized that information buried deep within noise can always be reliably recovered at 
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the expense of lower transmission rates.       

  This eternal tradeoff between information throughput and channel noise is 

experienced on a daily basis in modern life.  Whether it is the static hiss heard on a 

terrestrial radio station or the slower than normal loading time of a webpage during 

peak hours, capacity/noise tradeoffs ultimately determine the quality and speed of data 

transmission.  In many ways, the fields of information theory and communications 

theory are simply extensions of Shannon’s original work which explained that noise, 

in its various manifestations, is the enemy.1 The central task of the communications 

engineer, therefore, is to understand how best to cope with the noise so as to maximize 

the amount of information which can be transmitted through a given physical channel 

(e.g. wireless, copper, fiber optic, etc…).  

1.2 Optical Communications: Exponential Demand and   
 Fiber Exhaust 
 
 From an end-user perspective, the successful elimination of noise in a 

transmission channel translates to higher connectivity over longer distances and/or 

larger amounts of deliverable content.  In both military and civilian applications, 

demand for greater interconnectivity coupled with increased bandwidth and processing 

power is the central driving force behind communications research.  This fact is 

exemplified by the progression of the fiber optics industry over the past 20 years.  

Although the timing of optical infrastructure upgrades has been difficult to predict 

historically, as evidenced by the telecommunications market fallout circa 2001, 

                                                 
1 Interestingly, Kosko notes that noise in its various forms can actually be beneficial in a variety of 
applications including image recognition, animal predation and neurocomputing [4]. 
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demand for increased fiber throughput is at an all time high and is growing 

exponentially [4-6].  Considering the capitol expenditure necessary to deploy new 

optical networks, it is critically important that next generation optical networking 

solutions provide economic feasibility in addition to enhanced capacity.    

 The exponential demand on the fiber optic infrastructure has led to the 

inevitable consequence of fiber exhaust [7]. Fiber exhaust, or perhaps more apply 

termed “topology exhaust” or “hardware exhaust”, results when a single fiber can no 

longer supply more data throughput.  In effect, the fiber is operated at its current 

capacity limit.  Curiously, this capacity limit is not fundamental in the sense that it is 

not governed by Shannon’s limit.  In fact, even the most sophisticated optical systems 

installed today do not come close to approaching Shannon’s limit.  Capacity 

limitations leading to fiber exhaust are instead the result of technical and economic 

compromises that are made during system installation.  Several years ago, a common 

solution to fiber exhaust would be to add capacity by lighting previously unused fiber 

(called “dark” fiber) already in the ground.  Unfortunately, the lighting of dark fiber 

will inevitably become an increasingly rare option due to diminishing supply, 

especially in high traffic (i.e. urban/metropolitan) areas where the majority of 

available fibers are already in use.  Owing to the considerable installation cost of 

deploying new fiber, it seems logical, therefore, that alternative solutions must be 

sought which utilize existing infrastructure in the most efficient way possible.   
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1.3 Bidirectional Networks and Optical Digital Signal 
 Processing 
 

In this thesis, novel solutions for improving network efficiency and utilization 

will be explored with the specific goal of analyzing and eliminating the underlying 

noise processes which limit system performance.  Attention will first be paid to the 

role Rayleigh backscattering (RB) noise plays in bidirectional optical networks.  

Optimal design of bidirectional links will be discussed with an emphasis on the 

various techniques available to mitigate RB penalties.  The latter portion of this thesis 

will discuss current developments in all-optical logic based on 1550 nm vertical cavity 

surface emitting lasers (VCSEL) and Vertical Cavity Semiconductor Optical 

Amplifiers (VCSOA). With applications stretching far beyond just fiber optic 

communications, all-optical logic is a coveted functionality in all optical systems for 

its perceived economic and speed advantages.  The impact of optical noise will be 

addressed in the design of the first fully cascadable VCSEL inverter at 1550 nm.    

1.3.1  Unidirectional vs. Bidirectional Systems    

 Currently, the majority of installed fiber optic systems are unidirectional in the 

sense that information only travels in one direction down the fiber. A major advantage 

of this type of system is that signal impairments caused by back-reflected light (be it 

from discrete or distributed reflectors) can be eliminated with the appropriate use of 

optical isolators (typically installed at amplification sites as shown in Fig. 1.1).  A 

benefit of the use of isolators at amplification stages is that amplifier self-oscillation 

can be eliminated thereby allowing larger per stage gain [8].  Because back-reflected  
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Fig. 1.1. Common unidirectional topology with lumped 
amplification.  Amplification stages occur approximately every 50-
100 km to offset propagation loss (typ. 0.2-0.3 dB/km).  
Amplification nodes are often coupled with additional 
functionalities like dispersion management and traffic switching.  
Implementation of optical isolators dramatically reduces RB 
effects.  Double RB (DRB) occurs within the fiber span but is 
negligibly small compared to ASE growth in the absence of 
distributed amplification.       
 

 

Fig. 1.2.  Growth of ASE and DRB in the unidirectional system in 
Fig. 1.1. ASE limits performance but can be maintained below 
significant levels for thousands of km with proper link design. 
Values assumed in the calculation: L = 75 km, fiber loss = 0.2 
dB/km, G = 15 dB, amplifier noise figure (NF) = 5 dB, launched 
power = 1 mW (0 dBm), Rayleigh scattering coefficient per/span = 
-32 dB.     
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Fig. 1.3. Example of a bidirectional fiber link with both east-west 
(E-W) and west-east (W-E) communication.  Isolators not feasible 
since information travels in both directions on the same 
wavelength.     

 

light is negligibly small, unidirectional systems are primarily limited by amplified 

spontaneous emission (ASE) and nonlinear effects during transport.  A simple 

calculation of the growth of ASE noise in a unidirectional link reveals that error-free 

transmission is possible over many thousands of kilometers; assuming nonlinear and 

dispersion impairments are properly dealt with (see Fig. 1.2).  A drawback of 

unidirectional systems, however, is that full duplex communication must occur using a 

separate fiber cable or separate wavelength band (on the same fiber).  From the 

perspective of hardware efficiency, latency, network integrity and network 

management, it can be argued that bidirectional communication over a single fiber and 

wavelength is preferred.  With bidirectional signaling, the total aggregate data 

throughput over a single fiber can be doubled because downstream and upstream 

traffic can occur at the same wavelength.   
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Fig. 1.4. Calculation of ASE, RB and DRB in example link from 
Fig. 1.3. RB noise severely limits performance when counter-
propagating channels use the same wavelength.   

 

 Unfortunately, capacity doubling via bidirectional signaling comes with the 

tradeoff that back-reflected light cannot be removed with inline isolators as shown in 

Fig. 1.3. Thus, bidirectional networks suffer from additional penalties associated with 

discrete back-reflections off connector facets and Rayleigh backscattering from fiber 

inhomogeneity. Although facet reflections can be sufficiently reduced using 

appropriately designed connectors [9], RB remains a fundamental noise impairment in 

bidirectional systems as shown in Fig. 1.4.  If no countermeasures are taken to limit 

the effect of RB noise, bidirectional networks are limited to approximately 400 km in 

systems employing forward error correction (FEC).  In non-error-corrected systems 

where the optical signal to noise ratio (OSNR) must exceed about 15 dB, transmission 

distance is limited to less than 100 km.  It will be demonstrated in this thesis that RB 

noise in bidirectional networks can be sufficiently suppressed through techniques like 

frequency offsetting and optimal receiver filtering.  With these techniques, the 

achievable distance of bidirectional systems can be improved by more than an order of 
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magnitude while still maintaining capacity doubling with respect to unidirectional 

systems.    

1.3.1.1  Interleaved Bidirectional Networks 

 A novel approach to alleviating the 400 km distance limit imposed by single 

wavelength bidirectional fiber communication is to employ interleaved bidirectional 

(IB) signaling [10] as shown in Fig 1.5.  Several technical advantages are gained by 

interleaving counter-propagating channels (i.e. W-E signals transmit on odd 

wavelengths, E-W channels transmit on even channels).  The most obvious advantage 

is that crosstalk penalties due to RB in the transmission fiber are reduced since the 

signal and RB crosstalk are separated in wavelength. Therefore, proper optical and 

electrical filtering can eliminate the majority of the crosstalk.  Another advantage of 

IB signaling is that nonlinear effects like cross-phase modulation (XPM) and four 

photon mixing (FPM) can be mitigated because phase matching conditions are 

violated for larger frequency separation between co-propagating channels [11].  This 

point is important because of recent trends towards high spectrally efficiency (SE) 

optical systems.  These so-called ultra-dense wavelength division multiplexing 

(UDWDM) systems attempt to pack channels as tightly as possible causing greater 

interchannel nonlinear and coherent crosstalk [12, 13].  By relaxing the co-propagating 

channel spacing, IB signaling may offer an alternative solution to UDWDM while still 

maintaining the same amount of aggregate throughput in the fiber.  The final benefit of 

IB signaling is that network assets (specifically amplifiers) can be used more 

efficiently [14].  Since the most commonly deployed optical amplifiers, erbium doped  
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Fig. 1.5. Interleaved Bidirectional System.  Duplex communication 
is possible by transmitting unidirectionally on alternating channel.  
RB crosstalk from adjacent channels is mitigated by filtering in the 
demultiplexer (demux).   
 

fiber amplifiers (EDFA) and Raman amplifiers (RA), are inherently bidirectional, IB 

signaling offers an optimal method for maximizing capacity within a transmission 

band without the need for a doubling of equipment.  This advantage contrasts with 

banded bidirectional signaling which would need dedicated amplifiers to amplify 

counter-propagating signals in the C and L bands, for example.           

 While the impact of coherent (intrachannel) RB noise is a well explored topic 

on account of past studies of DRB (also called multi-path interference (MPI)) effects 

RAs [15], there is currently a limited understanding of the impact of incoherent 

(interchannel) RB noise in IB-UDWDM systems, particularly regarding the 

appropriate modeling and optimization of such systems.  In this thesis, issues 

regarding the ultimate SE achievable using IB signaling will be elucidated with 

particular focus on the suppression of RB impairments.  New system design paradigms  
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Fig. 1.6. CLS-PON Topology.  Placing the light source at the CO 
allows for flexible wavelength allocation to the customers.  The 
ONU must only provide modulation and detection.  RB limits 
systems margin and devices caused by both the downstream (Type 
1) and upstream (Type 2) launched light.   

 

for IB links will be proposed and clear distinctions will be made between the optimal 

design of RB limited versus ASE limited fiber optic links.      

1.3.1.2  Passive Optical Networks     

 Passive optical networks (PON) have garnered interest in recent years from 

network providers and researchers alike owing to their tremendous economic 

advantages for applications in “last mile” services and optical sensing [16].  In fact, at 

the Optical Fiber Communcations Conference (OFC) 2007 the keynote address by 

Verizon Senior Vice-President Mark Wegleitner discussed the most recent progress in 

the deployment of gigabit-capable PONs for fiber to the premises (FTTP) applications 

[6]. Current forecasts predict over 18 million more homes to be installed with fiber 

access by 2011.   

 PONs are a type of bidirectional network which seeks to provide full duplex 

communication between a service provider central office (CO) and various customer 

optical network units (ONU) as shown in Fig. 1.6.  The key requirements of PONs are 
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that the installation and upkeep of the network remain minimal while also maintaining 

minimal hardware cost.  In order to meet these economic and technical constraints, the 

existing fiber infrastructure must be used as efficiently as possible.  Hence, 

communication between the CO and multiple ONUs occurs over a single fiber as 

shown in Fig. 1.6.  Additionally, many of the expensive techniques afforded in more 

expensive network topologies (advanced modulation formats, dispersion 

compensation, etc…) are unfeasible in PONs thus requiring engineers to provide cost 

effective solutions for the myriad technical constraints.   

 Since PONs provide bidirectional signaling over a single fiber, system margin 

is often dominated by RB noise [17].  In this thesis, the reduction of RB penalties in 

PON-type applications is discussed with particular focus on PON architectures 

utilizing centralized light sources (CLS) [17, 18].  Owing to its cost efficient design, 

the CLS-PON is particularly well suited for FTTP applications in next generation 

PONs.  Techniques for RB reduction in PON-CLS networks will be presented and a 

new model for noise performance will be detailed.  

1.3.2  All-Optical Systems 

 A long coveted functionality of photonic systems is the ability to provide 

optical digital signal processing (DSP) on optical data streams.  With applications in 

optimal memory, optical routing and optical computing, optical DSP it is expected to 

be a key component in future optical communication systems.  Currently, required 

networking functionalities like signal routing and data buffering must be completed in 

the electrical domain.  This electrical solution, although effective, is a hindrance in 
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terms of network latency, bandwidth and power consumption because of the 

requirement for optical-electrical-optical (OEO) signal conversion.  It is widely 

believed that future optical networks will replace these costly OEO nodes with 

photonic technologies with ODSP capability.   

 Although various techniques exist which can optical DSP, no clear technology 

platform has emerged due to various shortcomings in terms of cascadabilty, speed, 

power, size, large scale integrability and cost of logic elements.  Recently, VCSOAs 

have receiver considerable attention for such applications on account of their small 

size, high nonlinearity and large scale 2D integration capability. Unfortunately, most 

efforts have focused on applications in the 850 nm wavelength band. To date, VCSOA 

work in the important 1550 nm telecom band is still nascent as a result of the greater 

difficulty in fabricating 1550 nm VCSELs.  Of primary importance in the development 

of 1550 nm VCSOA technology is the observation of cascadable optical logic 

operation.  In DSP, the successful cascading of many logic elements (i.e. Boolean 

gates) is predicated on the individual gates’ ability to regenerate the logic levels in the 

presence of noise.  The integrity of the digital system to the presence of noise is called 

its noise immunity and is dependent on the to the nonlinear input-output transfer 

characteristic (TC) of the individual gates and there ability to perform logic level 

regeneration [19, 20].  In this thesis, recent work in the area of 1550 nm VCSOA logic 

will be discussed and a cascadable inverter with adequate noise margins and logic 

regeneration will be demonstrated up to 2.5 Gb/s.        
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1.4 Thesis Outline and Contributions 

 The contributed work of this thesis comprises four main chapters.  Chapters 2 

and 3 are primarily concerned with the modeling and optimization of links corrupted 

by coherent and incoherent RB noise. Chapter 2 begins with the methodology used to 

characterize RB noise in fiber systems.  Two distinct models will be described: an 

analytic model using Gaussian approximations for the filter and pulse shapes and a 

numerical model which accounts for exact modulation spectra and inter-symbol 

interference (ISI) effects caused by filtering.  The models are then compared to 

experimental results.  The modulation formats non-return to zero (NRZ), return to zero 

(RZ) and Duobinary (DB) are compared experimentally and it is found that spectrally 

narrow modulation formats can achieve the highest possible spectral density assuming 

format tailored filtering is implemented.  Additionally, it is determined that incoherent 

RB noise is best modeled using numerical techniques which can account for exact 

power spectral densities and filter induced ISI.   

 Based on the conclusions from Chapter 2, Chapter 3 uses the numerical model 

to determine the optimal receiver design for optical links degraded by both coherent 

and incoherent RB.  It is found that the design of the receiver’s optical and electrical 

filters plays a key role in the error-free detection of signal in the presence of unwanted 

RB noise.  This conclusion is especially true in IB networks where the receiver filters 

tend to optimize for unconventionally narrow bandwidths.  Design rules are proposed 

for several common modulation formats in the presence of coherent and incoherent 

RB noise.     
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 Chapter 4 describes the role that DC block filtering can play on the suppression 

of RB noise and discrete interferometric crosstalk (IC).  Heretofore overlooked in the 

literature, DC blocking proves to be an inexpensive yet powerful means of linear 

crosstalk mitigation, particularly in PON-CLS topologies.  Experimental results agree 

with theoretical insights and show that optimal low-frequency cutoffs (LFC) in the 

receiver bandwidth tend to be significantly larger in RB degraded and IC degraded 

links. These results are then placed within the context of the CLS-PON. A generalized 

CLS-PON noise model is developed. It is determined that DC blocking used in 

conjunction with receiver low pass filtering can result in span length increases up to 

53% longer than those previously calculated in the literature.  

 Chapter 5 details the design of a cascadable 1550 nm VCSOA inverter 

utilizing cross gain modulation (XGM), dispersive bistabilty and polarization injection 

locking.  The chapter begins with the experimental observation of all three forms of 

reflection mode bistabilty (i.e. clockwise, counterclockwise and butterfly) in 1550 nm 

VCSOAs.  The reported results represent the first ever observation of butterfly 

bistabilty in VCSOAs.  Also, counterclockwise bistabilty is found to occur at a record 

low switching power of 2 µW.  The latter part of the chapter discusses the design of 

the first ever cascadable 1550 nm VCSEL inverter.  Necessary conditions for 

cascadable operation are described and it is found that inverters with sufficient noise 

characteristics are possible up to data rates of 2.5 Gb/s.   

 Chapter 6 provides a summary of the contributions made in this thesis along 

with a review of some relevant technical questions yet to be answered.   
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 Appendix I provides a summary of the important statistical considerations 

necessary for the treatment of RB noise. Based on physical arguments, it is shown that 

under the most typical operating conditions, RB can be quantified as being a complex 

circular Gaussian (ccg), wide sense stationary (WSS) random process whose spectral 

density is given by the original launched light. 

 Appendix II gives a review of the modulation formats studied in this thesis. 

The most common transmitter architectures used to create the various formats are 

described and typical eye diagrams and spectral characteristics are illustrated.   

 Finally, Appendix III details the rigorous approach needed to accurately 

compare the theoretical and experimental results in Chapter 2.  

1.5  References 

[1] C. E. Shannon, "A mathematical theory of communication," Bell System 
Technical Journal, vol. 27, pp. 379-423 and 623-656, 1948. 

 
[2] R. V. L. Hartley, "Transmission of Information," Bell System Technical 

Journal, pp. 535–563, 1928. 
 
[3] J. P. Eugene Chiu, Brok Mcferron, Noshirwan Petigara, Satwiksai Seshasai, 

"Mathematical Theory of Claude Shannon," MIT 2001. 
 
[4] J. Ryan, "The Business of Telecomm," presented at 18th World Telecomm 

Congress, WTC/ISS 2002, Paris, FR, 2002. 
 
[5] R. Kurzweil, The Singularity Is Near: When Humans Transcend Biology. New 

York, NY: Viking Penguin, 2005. 
 
[6] M. Wegleitner, "Maximizing the Impact of Optical Technology," presented at 

OFC/NFOEC, Anaheim, CA, 2007. 
 
[7] P. A. Humblet, "The direction of optical technology in the metro area," 

presented at Optical Fiber Communication Conference and Exhibit, 2001. OFC 
2001, 2001. 



 

 

16 

[8] M. N. Zervas, R. I. Laming, and D. N. Payne, "Efficient erbium-doped fiber 
amplifiers incorporating an optical isolator," Quantum Electronics, IEEE 
Journal of, vol. 31, pp. 472-480, 1995. 

 
[9] K. Kanayama, Y. Ando, R. Nagase, S. Iwano, and K. Matsunaga, "Advanced 

physical contact technology for optical connectors," Photonics Technology 
Letters, IEEE, vol. 4, pp. 1284-1287, 1992. 

 
[10] S. Radic, S. Chandrasekhar, A. Srivastava, H. Kim, L. Nelson, S. Liang, K. 

Tai, and N. Copner, "Dense interleaved bidirectional transmission over 5 x 80 
km of nonzero dispersion-shifted fiber," Ieee Photonics Technology Letters, 
vol. 14, pp. 218-220, 2002. 

 
[11] G. P. Agrawal, Nonlinear Optics. San Diego, CA: Elseviar Science, 2001. 
 
[12] P. J. Winzer, M. Pfennigbauer, and R.-J. Essiambre, "Coherent crosstalk in 

ultradense WDM systems," Lightwave Technology, Journal of, vol. 23, pp. 
1734-1744, 2005. 

 
[13] M. Abe and R. Takahashi, "Over 1000 channel, 6.25 GHz-spaced ultra-

DWDM transmission with supercontinuum multi-carrier source," presented at 
Optical Fiber Communication Conference, 2005. Technical Digest. 
OFC/NFOEC, 2005. 

 
[14] C. H. Kim and Y. C. Chung, "2.5 Gb/s&times;16-channel bidirectional WDM 

transmission system using bidirectional erbium-doped fiber amplifier based on 
spectrally interleaved synchronized etalon filters," Photonics Technology 
Letters, IEEE, vol. 11, pp. 745-747, 1999. 

 
[15] J. Bromage, P. J. Winzer, and R.-J. Essiambre, "Multiple path interference and 

its impact on system design," in Raman Amplifiers for Telecommunciations 2, 
M. N. Islam, Ed. New York: Springer-Verlag, 2004, pp. ch. 15. 

 
[16] C.-H. Lee, W. V. Sorin, and B. Y. Kim, "Fiber to the Home Using a PON 

Infrastructure," Lightwave Technology, Journal of, vol. 24, pp. 4568-4583, 
2006. 

 
[17] M. Fujiwara, J.-i. Kani, H. Suzuki, and K. Iwatsuki, "Impact of backreflection 

on upstream transmission in WDM single-fiber loopback access networks," 
Lightwave Technology, Journal of, vol. 24, pp. 740-746, 2006. 

 
[18] G. Talli, D. Cotter, and P. D. Townsend, "Rayleigh backscattering impairments 

in access networks with centralised light source," Electronics Letters, vol. 42, 
pp. 877-878, 2006. 



 

 

17 

[19] J. M. Rabaey, A. Chandrakasan, and B. Nikolic, Digital Integrated Circuits: A 
Design Perspective. Upper Saddle River, N.J.: Pearson Education, 2003. 

 
[20] W. J. Dally and J. W. Poulton, Digital Systems Engineering. Cambridge, U.K.: 

Cambridge University Press, 1998. 
 
 
 
 
 
 
 
 
 
 
 
 



 

 18 

2. Rayleigh Backscattering Noise 
Modeling: Coherent and Incoherent 
Crosstalk 
 
 The insatiable demand for more data-intensive services like video on demand 

(VOD), high definition television (HDTV), high speed internet, video conferencing 

and online gaming has prompted the move towards higher SE systems.  For this 

reason, recent research has focused on the design and feasibility of UDWDM systems 

with adjacent co-propagating channel spacing less than 50 GHz apart [1-3].  Due to 

added impairments such as FWM, XGM and coherent crosstalk [1, 3, 4], a lower limit 

is placed on the achievable unidirectional channel spacing.  As an alternative, IB 

networks have been proposed which promise a doubling of the total throughput of a 

single fiber.  In additional to capacity doubling and limiting of crosstalk between co-

propagating channels, IB networks also offer potential benefits in terms of hardware 

efficiency, network control, maintenance and security.   

 In this chapter, a channel model is described which is used to analyze the 

impact of RB noise in IB links.  The primary goal is to elucidate the various design 

tradeoffs regarding the modeling and mitigation of RB noise in IB links and how these 

tradeoffs affect the achievable channel packing density, choice of modulation format 

and achievable distance.  Two RB noise models will be described: an analytic model 
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and a numerical model.  The performance of both models will be analyzed and 

compared to experimental results at 10 Gb/s.     

2.1  Modeling a Noisy Optical Channel 
 

In this thesis, binary intensity modulated optical links with direct detection 

(IM-DD) are analyzed due to their widespread deployment and economic feasibility.  

Alternative coherent and differential modulation schemes will not be considered.  The 

channel model describing the generalized bidirectional network is shown in Fig. 2.1.  

In this model, two transmitters send optical data in opposite directions down a single 

fiber.  The W-E traveling signal, λWE, is corrupted by RB noise which is generated by 

the counter-propagating E-W signal, λEW.  After optical preamplification, additive 

ASE further corrupts the signal.  An optical band pass filter (OBPF) is placed after the 

amplifier to simulate the effect of an optical demux and removes out of band ASE and 

RB noise.  The optically filtered signal, RB and ASE are detected using a PIN 

photodiode converting the optical intensity to electrical photocurrent.  The electrical 

signal is then passed through a low pass filter (LPF) to remove out of band noise and a 

decision circuit detects the binary data.   

The critical distinction of RB noise is that it is colored while ASE and 

electrical noise (i.e. thermal and shot noise) are white.  The consequence of this 

difference is twofold.  First, the impact on the optimal filter (both electrical and 

optical) design in RB-dominated link will differ greatly from links dominated by white 

noise.  Second, design rules will vary significantly depending on whether the RB noise 

overlaps in frequency with the signal (λWE = λEW) or if the RB noise is separated in  
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Fig. 2.1.  Conceptual schematic of the system under investigation.  
The W-E signal is detected in the presence of RB noise generated 
from the E-W signal.  Three types of noise are always present in 
the studied system: ASE, RB and electrical noise from the detection 
circuitry. 
 

frequency from the signal (λWE  ≠ λEW).  By convention, worst case overlapping RB 

noise will be called coherent RB crosstalk while partially overlapping RB noise will 

be called incoherent RB crosstalk.2   The general case of arbitrarily offset RB and 

signal is illustrated in Fig. 2.2.  From Fig. 2.2, it is clear that optical and electrical 

filtering can reject a portion of the RB, ASE and electrical noise.  As the frequency 

offset (∆f) between counter-propagating channels decreases, however, larger amounts 

of RB noise will pass to the decision circuit resulting in a higher probability of bit 

errors.  Therefore, a balance must be determined which maximizes the channel density 

for optimal capacity while also minimizing the amount of unfiltered noise which 

passes to the decision circuit.   To optimize this tradeoff, the noise variances  

 

                                                 
2 To clarify, the term coherent crosstalk does not imply that the signal and noise fields are mutually 
coherent but rather that they share a common carrier frequency.  Based on physical considerations 
developed in Appendix I, the phase of the RB field and signal field are always statistically independent 
in practical situations and thus interference cross-terms average to zero.  Even in the case that coherent 
RB crosstalk is generated by the same laser, coherence times of the laser field tend to be sufficiently 
small compared to overall path delays such that the signal and RB electric fields can be treated as 
mutually incoherent.  In this thesis, phase relationships between the signal and RB field will be assumed 
to be uncorrelated and statistically independent. 
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Fig. 2.2.  Frequency domain illustration of the detection process of 
the W-E signal from Fig. 2.1.  RB caused by the E-W channel is 
colored while ASE and electrical noise are white.  The detected 
signal lies centered within the electrical bandwidth, Be, and the 
optical bandwidth, Bo.   
 

associated with RB, ASE and electrical noise must be calculated along with the signal 

distortions associated with optical and electrical filtering.   

 The mathematical formalism describing IM-DD link performance corrupted by 

RB, ASE and electrical noise at the detector will now be developed.  In the theoretical 

treatment of RB and ASE noise, it is approximated that link performance is 

characterized by nearly-Gaussian noise statistics.  In truth, such an approximation to 

the underlying noise statistics leads to slightly pessimistic results because the 

probability density functions (PDF) due to RB and ASE are not strictly Gaussian [5-

8]. Nevertheless, these same studies show that the Gaussian approximation (GA) 

provides reasonable performance prediction provided that bit error rates are calculated 

using optimal decision thresholds thereby justifying its use.  The motivation to use the 

GA is further supported due to the complex computation needed to evaluate link 



 

 

22 

performance based on exact statistics.  As it has been shown, the enhanced accuracy 

gained by using exact noise statistics is often offset by the computational complexity 

[9, 10]. Therefore, the GA will be employed throughout this thesis and it will be 

demonstrated that this approximation agrees closely with experimental results.     

 The total power, p(t), detected by the PIN photodiode in Fig. 2.1 is given by  

 2
)()()()( tftftftp RBASEs ++= . (2.1)  

where fs(t) is the optically filtered signal field and fase(t) and frb(t) are the optically 

filtered noise fields due to ASE and RB, respectively. The variance of the photocurrent 

is expressed as [11] 
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where  
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RD is the detector responsivity and h(t) represents the lowpass impulse response of the 

receiver circuitry.  The first term in (2.3) represents the autocorrelation of the detected 

power.  Because both ASE and RB are at least wide-sense stationary, uncorrelated, 

zero mean ccg random processes, the total variance is the sum of five possible terms 

[11]: 
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where the factor M in (2.5) is the number of polarization modes present at the detector.  

If there is no polarizer before the detector, M =  2.  In general, fs(t) represents the 

optically filtered signal field and h(t) is the lowpass impulse response of the receiver 

electronics. The terms <fase
*(τ)fase(τ’)> and <frb

*(τ)frb(τ’)> represent the 

autocorrelation functions (ACF) of the optically filtered ASE and RB noise field, 

respectively and is defined as 

 ∫
+∞

∞−

+=+ τττ dtftftftf )()(()( . (2.9) 

As can be seen in (2.4-2.8), it is the functional difference of the noise ACFs which 

distinguishes ASE from RB.  Because ASE is a white noise process (i.e. has a flat 

spectral density), ACFASE is delta-correlated in the frequency domain.  RB, on the 

other hand, has an ACF which depends on the spectral properties of the modulation 

format which generates the RB noise field.   

 Under the GA, the total noise corrupting the channel is given by 

 2222222 )()()( elecRBASERBRBRBsigASEASEASEsigtot ttt σσσσσσσ +++++= −−−−− . (2.10)  

where the photocurrent variance due to receiver electrical noise is 

 eelec BNEPR
D

222 =σ . (2.11)  



 

 

24 

Here, NEP is the noise equivalent power and refers to the intrinsic noise spectral 

density of the receiver and is quoted in units of W/√Hz.  This noise term accounts for 

electrical noise processes such as thermal noise and shot noise.   

2.2 Analytic Noise Model: Gaussian Pulse and Filter 
Shapes 

 
2.2.1  Analytic Noise Variance 
 
 It is possible to obtain closed-form solutions to (2.4-2.8) using a set of 

Gaussian approximations for the pulse and filter shapes in the link described in Fig. 

2.1.  This method was originally suggested by Winzer for the analysis of DRB in RA 

[12] and is now applied to RB in bidirectional links.  The following approximations 

are used for the pulse shapes and filter shapes: 
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Here, P1 is the peak power of a transmitted mark, NASE is the ASE power spectral 

density in a single polarization mode, PRB is the total Rayleigh backscattered power, 
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b(t) is the optical filter impulse response, and Bs, Bo, Be are the equivalent bandwidths 

of the signal spectrum, optical filter, and electrical filter, respectively. Furthermore, 

fs(t) = esig(t)×b(t), fASE(t) = nASE(t)×b(t)  and fRB(t) = nRB(t)×b(t) where × denotes 

convolution.  It should be noted that the above functions represent the field of the 

optical light, not the intensity.  The conversion to intensity is the magnitude squared of 

the field.  Performing the convolution of the signal pulse with the optical filter gives 

signal optically filtered signal field: 
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assuming that the optical filter and the signal have perfectly aligned center 

frequencies. 

 It is important to point out that the filters given by (12-d) and (12-e) are 

defined by there noise equivalent bandwidths (NEB) and not their 3 dB bandwidths.  It 

can be shown that the NEB bandwidth (BNEB) of a Gaussian filter is exactly the same 

as that of an ideal, rectangular shaped filter.  Thus, the total energy within the optical 

Gaussian filter is Bo and the total energy within the electrical filter is 2Be.  The 

corresponding 3 dB bandwidth for a first order Gaussian filter evaluates to 0.94*BNEB.   

2.2.1.1  Calculation of ASE Variances 

  The calculation of (2.4) is demonstrated by Winzer in [12].  For ASE, the 

constant power spectral density leads to an autocorrelation function dependent only on 

the optical filter bandwidth.   
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Plugging (2.14) into (2.4) and setting t = 0, we arrive at (6) in [12], 
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Plugging (2.14) into (2.5) and setting t = 0, the ASE-ASE beat noise is found to be 
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where it is assumed that no polarizer is present at the detector (i.e. M = 2).   

2.2.1.2  Calculation of RB Variance 

 To understand the effect of channel separation and RB in IB networks, use is 

made of the frequency shifting property of Fourier transforms [13] 

 )()( 2 ffXetx FTfti ∆−→∆π . (2.17)  

where ∆f is the frequency difference between the center frequency of the signal and 

optical filter and the center frequency of the interfering Rayleigh channel (see Fig. 

2.2).    The convolution of the shifted RB spectrum with the optical filter (nRB(t)*b(t)) 

is 
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Calculation of the autocorrelation of fRB(t) yields 
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Plugging (2.19) into (2.6) and setting t = 0, the expression for the signal-RB beat noise 

variance as a function of filter bandwidths and frequency offset is 
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 (2.20)  

where the term ηpol represents the fraction of RB light which is co-polarized with the 

signal.  For a common low birefringence fiber, the RB light will have a degree of 

polarization (DOP) which is approximately 33% of the original launched light [14]. 

Therefore, if the original light is nearly 100% polarized, as is often the case, the RB 

will have a DOP of 33%.  A DOP of 33% implies that 2/3 of the light remains in the 

original polarization while 1/3 of the light scatters into the orthogonal polarization.  

Under these condition, ηpol = {1/3, 2/3}.  When ηpol = 2/3 the signal and Rayleigh will 

be optimally aligned and the greatest penalty from coherent Rayleigh beating will be 

incurred.  If ηpol is set to 1 and ∆f is set to 0, (2.19) and (2.20) collapse to become 

equations (5) and (7) in [12].      

 By plugging (2.19) into (2.7) and setting t = 0, the expression for the RB-RB 

beat noise becomes 
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Lastly, plugging (2.14) and (2.19) into (2.8) and setting t = 0 yields 
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The key information to be gleaned from (2.20-2.22) is that the effect of RB noise can 

be significantly mitigated in the receiver when the channel offset is increased.  This 

reduction in noise trends as a decaying exponential whose decay constant is 

proportional to the square of the frequency offset.  Hence, RB becomes negligibly 

small for large channel separations.  Unfortunately, only partial insight can be gained 

from the impact of filtering on the reduction of the noise due to the complicated inter-

relationship between Gaussian pulse width and optical and electrical filter bandwidth.  

Nonetheless, narrower filter bandwidths translate to smaller RB noise variances as will 

become obvious later.  The extent to which optimal filtering can suppress RB noise 

will be the primary subject of Chapter 3.   

2.2.2  Quantifying Link Performance: BER and Q-factor    

 The figure of merit which most reliably characterizes communication systems 

is bit error rate (BER). It is well known that a communications system degraded by 

Gaussian noise has a BER given by 
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where the Q-factor is 
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Here, µ1 and µ0 are the mark and space photocurrents at the sampling instant, 

respectively, and σ1 and σ0 are the mark and space noise variance, respectively.  

Therefore, knowledge of the signal waveform and the noise variance of marks and 

spaces determines the BER of the transmission in Gaussian noise dominated 

communication systems.  For the analytic model, BER is conveniently calculated 

using (2.11), (2.12), (2.15), (2.16) and (2.20-2.22).  To avoid a more detailed and 

tedious analysis, the method used to relate the parameters of the analytic model to 

experimentally measured quantities is saved for Appendix III.   

2.2.3  Limitations of the Analytic Model    

Unfortunately, the analytic model has two critical limitations.  First, the 

analytic model assumes that all pulse and filter shapes can be approximated as having 

1st order Gaussian shapes.  Although this approximation allows for calculation of 

closed-form equations for the noise variances, realistic modulation formats can have 

distinctly non-Gaussian PSDs (as illustrated in Appendix II).  Secondly, while the 

analytic model successfully describes the impact of filtering on noise mitigation, it 

does not accurately account for the deleterious impact of filter induced inter-symbol 

interference (ISI).  Although attempts are made to account for the effect of ISI on the 

analytic model (as described in Appendix III), an alternative approach is warranted to 

produce more accurate results.   
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2.3 Numerical Noise Model: Exact PSD and Filtering 
Effects 

 
The limitations imposed by the analytic model are eliminated with the 

implementation of a more powerful numerical model.  In this section, a full numerical 

model which calculates ASE and RB noise variances is detailed which solves (2.4-2.8) 

using exact PSD and filtering effects.  The numerical noise model is adapted from 

previous models used to study the impact of ASE on conventional optical links [15-

18].  Instead, however, the approach is generalized to include RB impairments.  Just as 

with the analytic model, the numerical model solves (2.4-2.8) and calculates Q-factor 

and BER.  In this case, the double integrals of the noise variance equations are solved 

by numerical methods using MATLAB® (The MathWorks).  Since closed-form 

solutions are not necessary, realistic filter and pulse shapes allow for a more accurate 

BER calculation.    

Some of the most important differences between the analytic and numerical 

model are highlighted in the next section.  Further details regarding the numerical 

model will be described in Chapter 3.   

2.3.1  Exact PSD and ACF 

  The first improvement afforded by numerical calculation of (2.4-2.8) is that 

exact RB PSD can be implemented.  Because RB noise has a PSD proportional to the 

generating field [19], the frequency content of the RB beat noise is highly dependent 

on modulation format [12, 20-22].  In (2.4-2.8), the frequency dependence of the beat 

noise characteristics is described by the ACF term, <fase/rb
*(τ)fase/rb(τ’)>.  Since RB and  
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Fig. 2.3.  Illustration showing the Fourier Transform relationship 
between the modulation PSD and the respective ACF.  Figures are 
generated using the numerical model code. 
 

ASE are both (at least) WSS3, the PSD is Fourier Transform related to the ACF via the 

Wiener-Khinchin theorem [23].  In mathematical form 

 ∫
∞

∞−

−= dfefSR fj τπτ 2)()( . (2.25)  

where R(τ) is the ACF of the noise process having the PSD S(f).  Using the fast 

Fourier Transform (fft) and inverse fast Fourier Transform (ifft) functions in 

MATLAB, converting between of R(τ) and S(f) is straightforward.  Examples of the 

ACF calculation using the MATLAB code are shown in Fig. 2.3 for NRZ and CSRZ 

modulation formats.   

2.3.2  Filter-induced ISI and BER Calculation 

 The ability to simulate realistic filter induced ISI is the other main advantage 

of the numerical model.  For this reason, the ever-present tradeoff between noise 

cancellation and filter-induced distortions can be accurately modeled.  This advantage 

is particularly important because BER performance tends to be dominated by worst 
                                                 
3 For more details on the underlying statistics of RB, see Appendix I. 
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case patterning effects [24].  Physically, bit patterns like isolated marks have the 

highest frequency content and are thus more susceptible to LPF distortions resulting in 

a higher probability of bit errors.   

 To study the impact of filtering, a 4th order Bessel filters is used in the model.  

Bessel-type LPFs are the electrical filter of choice in telecom systems owing to their 

linear group delay in the pass band.  This linear phase response results in minimal 

ripple in the filtered pulses.  The transfer function of the 4th order Bessel filter used in 

this model is given by [25] 

 
1051054510

105
)(

234 ++++
=

ssss
sH  (2.26)  

where s=jω. The 1st order Gaussian optical filter described by (2.12d) is used to 

simulate the demux filter shape [26].     

 Patterning effects due to the transmission of random bit sequences are 

incorporated into the model using pseudo-random bit sequences (PRBS).  The use of 

PRBS patterns is a common practice in fiber telecom research and has been shown to 

accurately model pattern randomness for moderate numbers of bits [16, 18].  In this 

work, pattern dependent ISI is simulated using PRBS patterns of length 27-1.  Given 

the temporal field amplitude of a PRBS modulated signal, esig(t), the optically and 

electrically filtered photocurrent is  

 )()()()(
2

thtbteGRts sigD ⊗⊗⋅= . (2.27)  

  The calculation of BER is modified in the numerical model using the 

waveform at the decision circuit, s(t), is known.  In this case, BER is calculated on a 
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bit by bit basis and the total BER is averaged over all bits. The effect of filtering will 

be accurately modeled because pathological bit sequences will tend to dominate BER 

performance. The total BER for the entire sequence is found by substituting (2.10) and 

(2.27) into the relation 
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Here, ts is the sampling instant, sth is the decision threshold, N is the number of bits in 

the sequence and k0 and k1 are indexes used to distinguish between transmitted marks 

and transmitted spaces.  The first summation in (2.28) represents the probability of 

receiving a mark given that a space was sent (i.e. P(0|1)) while the second summation 

represents the probability of receiving a space given that a mark was sent (i.e. P(1|0)).  

The scaling term in the front of (2.28) averages the total BER over all bits (in this 

case, N is 127 bits).   

2.4 10 Gb/s Experiments: NRZ, RZ and DB 
 

Rigorous experimental work was conducted in order to verify the accuracy of 

the two models.  The following section describes the experimental procedure for 

measuring the impact of RB on 10 Gb/s IM-DD systems.  Three modulation formats 

are studied: NRZ, RZ and DB.  The experimental and theoretical results verify the 

importance of RB in IB links and suggestions are made for noise penalty reduction.        
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2.4.1  Preliminary Results 

2.4.1.1  NRZ, RZ and DB Transmitters 

 The first task was to construct two 10 Gb/s optical transmitters for NRZ, RZ 

and DB modulation.  Details regarding the properties of these modulation formats can 

be found in Appendix II.  After a rigorous evaluation of various optoelectronic 

component combinations from various manufacturers, appropriate driver-modulator 

combinations were determined for NRZ, RZ and DB.  It was determined that excellent 

NRZ signals could be created with Picosecond Pulse Labs drivers (PSPL 5865) and 

JDSU 10 Gb/s Mach-Zehnder modulators (MZM).  RZ modulation (50% duty cycle) 

was created by cascading the NRZ transmitter with a JDSU pulse carving modulator 

driven with a 10 GHz clock.  DB was a considerably more challenging format to 

create due its enhanced complexity and need for twice the driver voltage [27]. 

Ultimately, high performance DB signals were achieved with a specific combination 

of Triquint drivers (TGA4954-SL) and Avanex Duobinary-class MZMs (PowebitTM F-

10-D).  Owing to their applicability in many current and future projects at UCSD, 

these 10 Gb/s NRZ and DB transmitters were conveniently packaged within 

mechanically stable, portable, rack mountable boxes with dedicated power supplies 

and heat sinks.  The NRZ box, in particular, was used throughout the experimental 

work of Chapters 4 and 5.  Eye diagrams and modulation spectrums are shown in Fig. 

2.4.   
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Nonreturn-to-Zero
(NRZ)

Duobinary
Return-to-Zero

(RZ)

 

         

Fig. 2.4.  Experimental modulation spectra and eye diagrams for 10 
Gb/s RZ, NRZ and DB.   

 

2.4.1.2  Rayleigh and Brillouin Scattering Regimes 

 With the newly constructed transmitters for NRZ, RZ and DB, it was now 

important to characterize the backscattered light coming from the fiber.  In particular, 

it was important to characterize power limitations imposed by stimulated Brillouin 

scattering (SBS) in the fiber.  SBS is a well-known nonlinear impairment in which 

limits the amount of launchable power into a fiber.  Brillouin scattering is the inelastic 

scattering of photons by small density fluctuations in the transmission medium caused 

by interactions with acoustic phonons [28].  At low input powers, (spontaneous) 

Brillouin scattering is caused by thermal fluctuations in the fiber and is a relatively 

weak interaction which yields symmetrical back-reflected Stokes and anti-Stokes 

waves shifted in frequency by 10-12 GHz, depending on the fiber type.  In most cases, 

spontaneous Brillouin scattering is considerably smaller than RB and can be neglected  
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Rayleigh to SBS Transition (NRZ)
50 km Optical Fiber
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Fig. 2.5.  Backreflected power versus launched power into single 
mode fiber.  In the Rayleigh region, the reflected power increases 
dB for dB with launched power.  At the onset of SBS, backreflected 
power begins to increase rapidly after the Rayleigh/SBS boundary.   
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Fig. 2.6.  Degree of polarization of the backreflected light versus 
input power.  In the Rayleigh region the DOP is 33% [14]. As 
launch power increases, DOP increases towards 100% since SBS 
light is polarized [29]. 
 

[30, 31].  However, as launch powers increase, the strong electric field of the incident 

light causes periodic refractive index fluctuations in the fiber through the process of 

electrostriction.  This induced periodicity serves as a moving acoustical grating which 

backscatters frequency-shifted light by the process of Bragg diffraction.  Above the  
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Fig. 2.7.  RB spectrums for NRZ and DB.  Stokes shifts of +/-11 
GHz visible due to spontaneous Brillouin scattering.  RB PSD is 
proportional to the launched PSD. 
 

Brillouin threshold, the efficiency of the stimulated Brillouin process grows rapidly 

resulting in a majority of the backscattered light to be caused by SBS.  In bidirectional 

links, SBS limits the amount of transmitted power through the fiber and causes large 

asymmetries in channel spacing allocation due to the Stokes-wave frequency shift [31, 

32].  For the theoretical work in this thesis, linear channels are assumed which ensures 

that that the PSD of backscattered light is proportional to that of the launch field.   

To maintain the validity of the theoretical models, experimental powers must 

therefore be kept smaller than the SBS threshold.  Under these conditions, 

backscattering of light is primarily due to by Rayleigh scattering processes and the 

backscattered PSD will be proportional to the launched PSD.  The dependence of 

backscattered signal strength on launch power is illustrated in Fig. 2.5.  As long as the 

launched light is kept below approximately +7 dBm, reflected power is linearly 

proportional to launch power thus guaranteeing that RB is the dominant backscattering 

process.   
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It should be clarified that the exact Brillouin threshold is dependent on 

modulation format, laser linewidth and fiber-type.  It is well known that the onset of 

SBS can be pushed towards higher powers with techniques such as frequency 

dithering, linewidth broadening, carrier suppression, applied strain, line coding and 

fiber waveguide engineering [33-37].  In the setup used to generate Fig. 2.5, NRZ 

modulation was used which, when compared to RZ and DB, yields conservative SBS 

thresholds because of the much stronger carrier tone.  By contrast, DB has been shown 

to delay onset of SBS by as much as 12.6 dB compared to NRZ at 10 Gb/s [38].  

Nevertheless, the experiments in this work never exceed launch powers of 0 dBm 

thereby guaranteeing that the backscattered light is caused almost entirely by Rayleigh 

scattering processes.  The dominance of RB below 0 dBm is further demonstrated in 

Fig. 2.6 since the degree of polarization (DOP) of the reflected light is 33% for 

launched powers less than the Brillouin threshold.   

 To verify that the PSD of RB is indeed proportional to the launch field, 

backreflected PSDs were measured for several input powers as shown in Fig. 2.7.  It is 

shown that the backscattered spectrum changes very little as a function of launch 

power which is a characteristic of the Rayleigh process.  Although Stokes and anti-

Stokes sidebands are clearly visible, these contributions are negligibly small since Fig. 

2.7 plotted on a logarithmic scale.  Furthermore, the backreflected spectra are 

symmetrical verifying the SBS can be ignored at launch powers below 0 dBm.         
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Fig. 2.8.  Experimental setup. Polarization Controller—POLC. 
Variable optical attenuator—VOA. Polarization beam splitter—
PBS. Bit error rate tester—BERT.  Optical spectrum analyzer—
OSA. 

 

2.4.2  Noise Limited Results and Theoretical Comparison 

2.4.2.1  Experimental Setup 

 The experimental setup used to measure the impact of RB in IB links is shown 

in Fig. 2.8.  The setup constructed to validate the generalized noise model makes use 

of three independently controlled arms allowing for careful manipulation of the 

Signal, RB and ASE characteristics. By varying λ2, VOA1, VOA2, POLC1 and POLC2 

it was possible to measure the Q-factor of the received signal as a function of ∆f, 

optical signal to noise ratio due to RB (OSNRRB), optical signal to noise ratio due to 

ASE (OSNRASE) and polarization alignment.  Q-factor was measured using the 

decision threshold technique in [39].  By definition, OSNRRB was measured 
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immediately before the optical pre-amp and represents the ratio of signal power 

divided by RB power (neglecting power contribution from ASE).  Additional ASE 

was introduced by the booster in the Rayleigh arm of the experiment but was 

neglected since the OSNR prior to the circulator exceeded 40 dB (within a 0.1 nm 

bandwidth). OSNRASE was measured immediately after the preamplifier in the absence 

of RB noise (Tx1 was turned off).  Launched power levels into the fiber never 

exceeded 0 dBm in order to avoid Brillouin scattering and to prevent unwanted 

nonlinear effects as will be demonstrated later.  The influence of the preamplifier 

performance was carefully factored out: noise figure variability with respect to the 

input power (Pin) was eliminated by maintaining a constant input power of -24 dBm, 

unless otherwise noted. The minimum preamplifier input power resulted in an output 

OSNRASE of 30 dB thus minimizing the impact of preamplifier excess noise.  The 

power into the detector was held constant at -7 dBm using VOA3 which helped to 

guarantee that optical noise (i.e. ASE and RB) dominated signaling performance 

compared to electrical receiver noise (electrical noise sensitivity <-17 dBm).  The 

receiver bandwidth was 10 GHz and was limited by the electrical pre-amplifier.   

2.4.2.2  ASE Dominated Performance 

 The performance of NRZ, RZ and DB under ASE dominated conditions is 

shown in Fig. 2.9.  Using the fitting techniques described in Appendix III, Fig. 2.9 

illustrates that both the analytic and numerical models both perform extremely well in 

comparison to experiment.  Indeed, theoretical and experimental results show 

agreement typically better than 0.5 dB!  Considering the numerous sources of possible  
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Fig. 2.9.  Comparison of theory and experiment for ASE dominated 
performance.   

 

error (non-Gaussian filter roll-off, nonlinear filter group delay, non-Gaussian shaped 

pulses, non-ideal electrical amplifier characteristics, measurement error, etc…), such 

agreement demonstrates the validity of the underlying assumptions for white noise 

processes like ASE.  Although the analytic and numerical models solve (2.4-2.8) using 

distinct approaches, it is clear that both models yield similar predictions for 

performance of ASE dominated links.      

2.4.2.3  ASE/RB Hybrid Performance (∆∆∆∆f = 0) 

 Having justified the merits of the theoretical approach for the analytic and 

numerical models for ASE, it is now possible to incorporate RB.  The first task is to 

determine how ASE and RB combine as performance transitions from ASE dominated 

to RB dominated regimes.  The theoretical and experimental results demonstrating this  
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Fig. 2.10.  Contour plots of constant Q = 6 for combination of ASE 
and coherent RB.  Dashed line—analytic model.  Solid line—
numerical model.  Marks—experimentally measured data.   
 

transition for perfectly overlapped (coherent) RB is shown in Fig. 2.10.  By inspection 

of (2.10) and (2.24) it is apparent that the transition between the ASE and RB noise 

regimes is characterized by a 1/x-type relationship in the Q-factor performance. When 

RB is small and ASE is high, Q-factor (and hence BER) is asymptotic as is illustrated 

in Fig. 2.10 by the horizontally asymptotic region.  When RB is large and ASE is 

small, Q-factor performance transitions towards a vertically asymptotic behavior as 

indicated in Fig. 2.10.  Between these two regimes, a smooth 1/x transition exists in 

which both ASE and RB noises have similar magnitudes and neither can be neglected.   

 An important question arises: when is it acceptable to assume that only a single 

noise process dominates performance?  Based on Fig. 2.10, a convenient rule of thumb 

can be ascertained: if the absolute difference in OSNRASE and OSNRRB is greater than 

approximately 8 dB, then link performance will be dominated by the largest noise 

term.  In other words, 
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 ⇒+≥ dBOSNROSNR ASERB 8 ASE Dominated (2.29)  

 ⇒+≥ dBOSNROSNR RBASE 8 RB Dominated. (2.30)  

 This “8 dB rule” carries the caveat that it is only true at 10 Gb/s.  By definition, 

OSNRASE sensitivity is a data rate dependent quantity because it characterizes the 

noise power spectral density of ASE over a specific bandwidth (as opposed to just the 

noise power).   The implication is that the required OSNRASE to achieve Q = 6 (i.e. 

BER ≈ 10-9) scales with data rate.  As an example, Fig. 2.9 shows that NRZ achieves 

Q = 6 (i.e. 15.5 dB) for OSNRASE = 16 dB.  If all else is equal, the required OSNRASE 

for NRZ at 40 Gb/s would be 22 dB (16 dB + 10log(40e9/10e9)).  By contrast, RB 

sensitivity is by definition data rate independent and thus does not require data rate 

scaling [11].  A more general, data rate independent rule of thumb can be written as        

 ⇒−+≥ )10/log(108 10RdBOSNROSNR ASERB ASE Dominated (2.31)  

 ⇒++≥ )10/log(108 10RdBOSNROSNR RBASE RB Dominated. (2.32)  

From these OSNR definition considerations, it is possible to predict whether a link 

will be limited by ASE, RB or both ASE and RB, regardless of data rate.   

2.4.2.4 RB Dominated Performance (∆∆∆∆f ≠ 0) 

 Fig. 2.11 shows the Q-factor performance of 10 Gb/s non-return to zero 

(NRZ), return to zero (RZ) and Duobinary (DB) as a function of OSNRRB for coherent 

RB crosstalk (∆f = 0) and incoherent RB crosstalk (∆f = 10 GHz). It is clear from 

these results that both models accurately predict coherent RB limited performance 

within 1 dB accuracy.  When the RB channel offset equals the data rate (10 GHz), the  
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Fig. 2.11.  Results showing copolarized RB impact on Q-factor for 
∆∆∆∆f = 0 and ∆∆∆∆f = 10 GHz for (a) NRZ (b) DB (c) RZ.  Markers—
measured points.  Solid curve—exact PSD solution, dashed—
approximate PSD solution. 
 

accuracy of both models degraded in terms of absolute Q performance. For NRZ and 

RZ formats, the numerical model exhibited maximal 2 dB error and the analytic model 

had maximal 3 dB prediction error compared to the experimental data.  Interestingly, 

the predicted performance of DB impaired by incoherent RB crosstalk was 

significantly more accurate with excellent agreement (< 1 dB error) for both models.  

 The required OSNRRB to maintain Q = 6 as a function of increasing ∆f is 

plotted in Fig. 2.12. The curves are normalized to the worst case sensitivity (∆f = 0, 

co-polarized signal and RB). The numerical model was superior for predicting the 

sensitivity improvement for all modulation formats and all frequency offsets. DB, for 

example, had better than 1 dB agreement for all polarizations and offsets up to 15 

GHz. Prediction of NRZ and RZ performance also had better than 1 dB discrepancy, 

except between 7.5-10 GHz. The largest error around 7.5 GHz (3 dB for NRZ, 2 dB  
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Fig. 2.12.  Theoretical and experimental results showing enhanced 
RB sensitivity for larger offset, ∆∆∆∆f, for (a) NRZ (b) DB (c) RZ.  
Markers—measured points.  Solid curve—numerical solution, 
dashed—analytic solution.  

 

for RZ) is attributed to uncertainties in the exact filter rolloff. When ∆f approaches the 

data rate, performance becomes increasingly sensitive to the exact filter response. 

Since NRZ and RZ have strong DC components, small errors in the rolloff estimation 

results in large swings in sig-RB beating for ∆f near the bit rate. This argument is 

supported by the fact that NRZ, with the largest DC component, has the most 

significant prediction error.  Above 10 GHz, better agreement is achieved because RB-

RB beating, which is homodyned to baseband, tends to limit performance. At 15 GHz 

spacing, typical agreement of 1 dB agreement is achieved. For NRZ, the numerical 

prediction accuracy using exact RB PSD outperforms the analytic model by better 

than 4 dB.     

2.4.2.5 Incoherent RB and the Impact of Optical Filtering 

 When studying the results of section 2.4.2.4, it is interesting to note that RZ 

modulation has superior performance to NRZ and DB. These results are consistent 
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with previous work on coherent RB noise [20-22].  The explanation for the superiority 

of RZ over NRZ and DB stems from the fact that spectrally broader modulation 

formats generate higher frequency beat noise during square-law detection.  This high 

frequency noise tends to be filtered by the finite bandwidth of the receiver electronics.  

On the other hand, narrower modulation formats like NRZ and DB generate 

comparatively lower bandwidth beat noise which passes unfettered to the decision 

circuit. Thus, spectrally broad modulation formats like RZ tend to tolerate 

significantly larger amounts of RB noise and are the prudent choice in optical links 

limited by coherent RB.   

 For the case of incoherent RB noise in IB links, however, a new design 

paradigm is expected because a great majority of incoherent RB noise can be rejected 

using properly designed optical filters (as depicted in Fig. 2.2). Intuitively, 

implementation of spectrally narrow modulation formats should lead to greater 

incoherent RB rejection for a given channel spacing because spectrally narrow formats  

tend to optimize for narrower optical filter bandwidths [40].  The experimental results 

were obtained with a 28 GHz optical filter.  It has been shown, however, that optimal  

optical filtering of NRZ and DB is significantly narrower with optimal values varying 

from 14 GHz for NRZ to 7 GHz for DB [16, 40, 41].4  To demonstrate the importance  

of optical filtering on incoherent RB mitigation, Fig. 2.13 plots the required channel 

spacing between IB channels for errorless performance using FEC versus the  

                                                 
4 Optimal filter values are for ASE dominated links.  At the time of this work, no rigorous study had 
been conducted to describe optimal optical filter design in the presence of incoherent RB noise.  A 
detailed examination of the impact of incoherent RB noise on receiver design will be saved for  
Chapter 3.   
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Fig. 2.13.  Required channel spacing in an IB topology to achieve 
errorless signaling using FEC. Solid lines correspond to non-ideal 
demux bandwidths (28 GHz).  Dashed lines correspond to “ideal” 
ASE optimized demux bandwidths.  Beyond 700 km, DB has 
superior performance in terms of SE.   
 

achievable distance.  Recalling from Chapter 1, bidirectional links using NRZ are 

limited to about 400 km due to coherent RB noise.  However, as channel spacing is 

increased, achievable distance is increased because incoherent RB can be successfully 

filtered in the optical and electrical domains.  Furthermore, when format-tailored 

optical filters are implemented (as indicated by the dashed lines), huge improvements 

in RB sensitivity are gained because a significantly larger portion of incoherent RB is 

rejected.  Hence, the inherent advantage of RZ in coherent RB dominated links can be 

overcome by DB and NRZ in incoherent RB dominated links if format-tailored 

filtering is used.  In this case, the results of Fig. 2.13 show that IB link distances 

longer than about 700 km can achieve the highest RB immunity using spectrally 

narrow modulation formats such as DB.  This new insight is of prime interest in the 

quest towards high spectral efficiency UDWDM systems.   
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2.4.3 Discussion: Analytic vs. Numerical Model 

 It has been shown that the accurate modeling of RB noise is critically 

dependent on modulation format and frequency offset. It is found that DB is well 

approximated by the analytic model because the PSD of DB is well approximated by a 

1st order Gaussian. However, NRZ and RZ have non-negligible carrier (> 50% for 

NRZ) and higher harmonic tones which cause the Gaussian PSD approximations to be 

unrealistic. Use of approximated PSD leads to an incorrect estimation of the frequency 

content of the filtered beat noise. For coherent RB, this effect is minimal since the 

majority of the beat noise falls within the optical and electrical filter bandwidths.  

However, the effect is exacerbated for incoherent RB since the filtering tends to reject 

large portions of the interchannel beat noise. Disparities between the exact and 

approximated PSD and/or filter rolloff result in large deviations between predicted and 

actual incoherent RB-limited performance.   

 Fig. 2.14 illustrates the importance of modeling incoherent RB using exact 

PSD.  The total sig-RB beat noise is plotted for approximate (dotted) and exact (solid) 

PSD as a function of the frequency offset for NRZ (square) and DB (star), normalized 

with respect to the unfiltered worst case. Effectively, Fig. 2.14 plots the amount of sig-

RB rejection afforded by the combination of frequency separation and optical filtering 

assuming a 10 GHz electrical bandwidth.  Clear deviations exist between NRZ and 

DB modulation.  For the 28 GHz optical filter, the approximated NRZ PSD 

underestimates the impact of frequency separation by 3 dB compared to the exact 

calculation.  This corroborates well with the 4 dB experimental error in Fig. 2.12a.  
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Fig. 2.14.  Normalized Signal-RB beat noise within a 10 GHz 
detector bandwidth for exact and approximate PSDs.  (a) Bo = 28 
GHz, (b) Bo = 15 GHz.  Discrepency between analytic and 
numerical models for DB is smaller and for NRZ. 

 

The DB formatted channel, contrastingly, has less than 1 dB deviation.  When the 

optical filter is roughly halved to 15 GHz (Fig. 2.14b), as might be necessitated in a 

high capacity bidirectional UDWDM system, the maximum error is increased to 8 dB 

and 4 dB for NRZ and DB, respectively. This large disagreement illustrates the 

importance of using exact PSDs when designing high capacity interleaved 

bidirectional networks impaired by incoherent RB noise.   

 In summary, the rigorous frequency characteristics of RB noise are required 

when calculating penalties in RB limited optical systems. These results demonstrate 

that while RB PSD approximations are adequate for coherent crosstalk, nothing short 

of the exact RB PSD can be used for the case of incoherent crosstalk, especially when 

narrow optical filtering is implemented to reject interchannel crosstalk. Although 

closed form solutions are preferred to calculate RB noise variance and is the preferred 
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approach to generating lookup network control algorithms, numerical modeling proves 

to be a considerably more accurate technique for high density bidirectional UDWDM 

links. 

2.5 Conclusion 
 

This chapter has been primarily concerned with the modeling and experimental 

measurement of coherent and incoherent RB noise in bidirectional optical links.  

Closed-form solutions for the generalized RB beat noise were derived using 1st order 

Gaussian approximations and it was found that noise reduction via frequency 

offsetting scaled as a decaying exponential dependent on the offset squared (∆f2).  To 

incorporate the important effects of filter-induced ISI and exact RB PSD, a numerical 

model was developed.  By comparing the theoretical and experimental results, several 

important conclusions have been made.  First, it was demonstrated that the proper 

choice of modulation format in links degraded by RB noise depends on the frequency 

offset between interfering channels and the optical filter bandwidth.  It was determined 

that IB links can achieve their highest spectral efficiencies if spectrally narrow 

modulation formats are implemented in conjunction with format tailored optical 

filtering.   

The second major contribution of this chapter is that the numerical model must 

be used when calculating impact of incoherent RB in UDWDM IB links.  Although 

the analytic model performs well for coherent RB noise and DB modulation, its broad 

assumptions belie many important design subtleties necessary for optimal IB link 

design.  Owing to the colored nature of RB noise, exact RB PSDs and filter-induced 
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ISI must be included when designing IB links.  For this reason, the numerical model 

developed in this chapter will be utilized in Chapter 3 in order to design optimal 

receivers limited by RB noise.      
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3. Receiver Optimization in the Presence 
of Rayleigh Noise 
 

Detection in the presence of noise is a fundamental topic in communications 

theory.  Regardless of the noise source, engineers are constantly faced with filtering 

tradeoffs associated with the careful balancing of desirable noise cancellation and 

unwanted filter-induced signal distortions.  The exact filter bandwidth and shape 

which optimizes this tradeoff can be a complex issue as many factors must be 

considered including modulation format, demodulation/detection algorithm, and 

type(s) of noise present in the system [1, 2].   Ultimately, the goal of such 

optimizations is to achieve the highest signal fidelity by maximizing the SNR. 

 In fiber optic communication systems, ASE is often the dominant noise source 

limiting reach and reception.  For this reason, ASE’s impact on optimal reception is a 

well studied topic in both IM-DD and coherent optical systems [3-8].  By contrast, 

little (if any) research has investigated the impact RB has on the design of optical 

receivers.  Considering the importance of IB links, Raman amplified links and PONs 

in future optical systems, it is appropriate to investigate how optimally designed 

optical receiver can maximize the SNR in the presence of both coherent and 

incoherent RB noise. This chapter represents the first rigorous study to elucidate the 

various tradeoffs associated with receiver design in the presence of RB noise.  Two 
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scenarios will be examined: links corrupted by coherent RB noise and links 

corrupted by incoherent RB noise.  It will be demonstrated that the design rules 

governing optimal receiver design will contrast greatly depending on which type of 

RB is present.  For coherent RB limited links, it is found that little improvement can 

be attained via receiver optimization.  This is attributed to the inability to filter 

coherent RB noise since it is spectrally overlapped with the signal.  For incoherent RB 

limited links, it is found that ideal receiver filtering tends to optimize for 

unconventionally narrow optical filters (i.e. narrower than would be typically used to 

optimize in the ASE limit).  Ultimately, the highest SE in an IB link is achieved by 

implementing very narrow optical filtering in order to sacrifice additional ISI 

distortions in favor of substantially higher RB reduction.   

3.1  Receiver Model 

3.1.1  Preamplified Reception with ASE, RB and Electrical Noise  

 A central conclusion of Chapter 2 was that the accurate modeling of heavily 

filtered UDWDM channels corrupted by RB noise entails the use of exact RB PSDs 

and filtering effects.  As a result, the numerical model will be used throughout this 

chapter for its ability to incorporate exact RB PSDs, realistic filter shapes and filter 

distortion effects.  While the general approach to solving (2.4-2.8) is the same, several 

changes are noted.   

 A detailed schematic of the preamplified receiver structure under investigation 

is shown in Fig. 3.1. As before, back-to-back performance will be assumed in order to 

eliminate complexities associated with propagation dispersion and nonlinearity.   
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   The preamplified receiver in Fig. 3.1 is straightforward: a PRBS modulated 

signal, esig(t), is first corrupted by some amount of additive RB noise.  The OSNRRB is 

given by 
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and the term in <> denotes time averaging of the signal intensity.  Both the signal and 

RB are amplified by a lumped amplifier with gain, G.  Additive ASE from the 

amplifier is added to the signal and RB using the relations  

 

RBW

ph

RBW

ph

RBW

ave

ASERBW

ave
ASE

FB

Rn

FBh

Rhn

GFBh

GP

NB

P
OSNR

=

=

=

=

ν
ν

ν  (3.2)  

BRBW is the resolution bandwidth of the OSNRASE measurement, NASE is the spectral 

density of the ASE, F is the amplifier noise figure, R is the data rate and nph is the 

number of photons per bit—the significance of the number of photons per bit will be 

discussed shortly.  It has been assumed in (3.2) that the input OSNRASE is much larger 

than the output OSNRASE.
5   

The preamplified signal and RB and the additive ASE are optically filtered, 

thus simulating the effect of optical demultiplexing. Again, it is assumed that the 

optical filter has a 1st order Gaussian filter shape.  The optically filtered fields are then  

                                                 
5 See Appendix III for more details regarding this approximation. 
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Fig. 3.1.  Schematic diagram of the preamplified receiver model. 
Additional mathematical descriptions of the various parameters 
can be found in Chapter 2.  In this study, G = 27 dB and NF = 3 dB 
(ideal amplification). 
 

detected with a PIN photodetector with responsivity, RD. The detected photocurrent is 

further corrupted by electrical noise and is then electrically filtered by the low pass 

receiver characteristics as described by (2.27). The total electrical noise—given by 

(2.11)—stems from the amplification of thermal noise and dark current and is 

calculated with NEP = 30·10-9 mW/√Hz, which is consistent with the Agilent 11982A 

Lightwave Receiver used in the experiments of Chapter 2 [9].  40 Gb/s data rates are 

assumed throughout this chapter.  The filtered signal and noise are then passed to the 

decision circuit which samples the waveform once every bit period and the sampled 

result is then compared to a fixed decision threshold, sth.  Samples above sth are 

detected as marks whiles samples below sth are detected as spaces.  The total BER is 

given by calculation of (2.28).  

3.1.2  Figure of Merit: Quantum Limited Sensitivity 

 In contrast with Chapter 2, which was concerned with solving the numerical 

model for a specific set of experimentally determined values, this chapter seeks to 

develop a framework which allows comparison of noise performance in a variety of 
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circumstances.  For this reason, the performance calculations in this chapter are quoted 

as sensitivity penalties relative to the ASE quantum limit (QLASE).  The QLASE is the 

ASE-dominated sensitivity limit, quoted in photons/bit, which identifies the required 

signal strength into the receiver to achieve a BER of 10-9, assuming a matched 

electrical filter and ideal 3 dB noise figure [10].  For NRZ and RZ formats, nQL is 38 

photons/bit [11].  For DB, nQL is 32.4 photons/bit [12].  Interestingly, DB has a 

theoretically better fundamental sensitivity.  

In reality, performance will never be totally ASE dominated (electrical noise 

will always persist to some extent), nor will matched filtering be achieved (typical 

electrical response is a Bessel filter), thus it is illuminating to quote performance in 

terms of QL penalty 

 













=

QL

actual

n

n
dBQL log10)( . (3.3)     

where nactual is the calculated signal strength (in photons/bit) necessary to achieve a 

BER of 10-9. The QL penalty is convenient because it is, under normal circumstances, 

bit rate independent.6  Also, it provides a means of comparison between the various 

modulation and noise types.  It should be noted that no current derivation exists which 

calculates the fundamental QL for RB-limited reception.  Therefore, all penalties will 

be relative to the ASE-limited QL.   

 

                                                 
6 If electrical noise is included in the calculation, QL is not exactly bit rate independent since electrical 
noise is proportional to Be.  However, for the cases considered, electrical noise is several orders of 
magnitude smaller than the signal dependent noise contributions.  The bit rate would have to exceed 
several hundred Gb/s for this statement to require modification.      
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Sensitivity Penalty (dB)

NRZ DB RZDB

RZ50 CSRZ RZ33

 

Fig. 3.2. ASE-limited contour plots of constant QL to attain 
BER=10-9.  Optimal Bo/Be combinations designated by circles.     
 

3.2  ASE Dominated Performance 

 In order to evaluate the accuracy of the numerical model, ASE-limited 

performance was first calculated and compared to previously published results [7, 13]    

The first goal is to determine the proper optical and electrical filter bandwidths for 

each individual modulation format.  The results are described in the contour plots in 

Fig. 3.2.  The contour plots give the contours of constant QL penalty as a function of 

both electrical (x-axis) and optical (y-axis) 3 dB filter bandwidth.  As before, the 

electrical filtering is modeled by a 4th order Bessel filter impulse response.   

 The results indicate that each modulation format has a distinct optimal 

combination of Bo and Be.  The circles in the contour plots show the numerically  
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Fig. 3.3.  QL sensitivity penalty to achieve BER=10-9 for fixed 
electrical bandwidth.  Be = 0.7*R for NRZ and RZ formats and Be = 
1*R for DB formats.   With the exception of DB, performance is 
fairly flat beyond Bo = 1.5*R.        

 

determined optimal points of operation in ASE-limited systems.  In general, wider 

modulation formats like RZ50 and RZ33 optimize for larger optical filters (>2.4*R).  

NRZ is found to optimize with a Bo of about 1.4*R and a Be of 0.7*R.  These values 

are in close agreement with previous results [7, 13] and validate the accuracy and 

precision of the numerical modeling technique.   

 It is interesting to note the filtering performance of DB and RZ-DB 

modulation.  As it is clearly shown in the contours, DB modulation optimizes for 

narrower optical filters and slightly wider electrical filters.  This trend has been 

previously reported in [13-15] and is related to the complex ISI interaction of DB 

pulses.  The benefits of DB come from the fact that neighboring marks destructively 

interfere such that larger optical filtering is preferred.  Thus, DB tends to optimize 

with a Bo of 0.7*R.  Additionally, since the phase information of the DB waveform is 

lost upon square-law detection, the contours indicate that slightly wider Be is 
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preferred.  This would indicate that when designing optimal DB receivers, optically 

induced ISI is more desirable than electrically induced ISI.   

 To limit the cost and complexity of the electronics, Be will be between 0.5 and 

1*R.  Therefore, Fig. 3.3 plots the QL penalty as a function of Bo for fixed Be.  For 

NRZ and RZ formats, Be is fixed at 0.7*R as is consistent with optimal values in Fig. 

3.2.  For DB, Be is fixed at 1*R since DB tends to optimize for slightly larger Be.  A 

primary conclusion of Fig. 3.3 is that, with the exception of DB, all formats are 

weakly dependent on Bo when Bo > 1.5*R.  This would indicate that there is some 

flexibility when designing optimal receivers degraded by ASE noise.  Moreover, 

unless DB is being implemented, the exact choice of Bo is largely unaffected by 

modulation format.  This fact is especially true for the RZ formats which have flat QL 

penalty curves extending beyond 3*R.        

3.3  Coherent RB Dominated Performance  

3.3.1  Coherent RB Limits 

 Having established the baseline ASE-limited results, it is now possible to 

contrast RB-limited performance.   Results for coherent RB noise performance in the 

absence of ASE and electrical noise are shown in Fig. 3.4.  Several interesting features 

are noted.  First, in all cases, performance optimizes for Be > 2*R.  This is explained 

on account of the fact that electrical filtering will not reduce appreciable amounts of 

coherent RB beat noise since the signal and noise field perfectly overlap in the 

frequency domain.  Therefore, optimal performance is attained for very large electrical 

bandwidth since this minimizes electrically induced ISI.  Of course, this is an  
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RZ50 CSRZ RZ33

 
 
Fig. 3.4.  Coherent RB-limited contour plots of constant QL to 
attain BER=10-9.  Optimal Bo/Be combinations designated by 
circles.  Values quoted in absolute OSNRRB (dB) required to 
maintain BER = 10-9. 

 
 
Fig. 3.5.  Required OSNRRB to achieve BER=10-9 for fixed electrical 
bandwidth.  Be = 0.7*R for NRZ and RZ formats and Be = 1*R for 
DB formats.   With the exception of DB, performance is fairly flat 
beyond Bo = 1.5*R.       
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unrealistic solution since electrical noise will place on upper bound high frequency 

cutoff according to (2.11).    

Fig. 3.5 plots the required OSNRRB as a function of Bo for Be of 0.7*R for 

NRZ and RZ and 1*R for DB.  Results show that, with the exception of DB and 

CSRZ, optical filtering cannot remove appreciable amounts of coherent RB noise 

meaning that it is most desirable to minimize optically induced ISI by implementing 

very large optical filters.  The reason is the same as before in that no noise reduction is 

achieved through filtering of the perfectly overlapped signal and RB.  Interestingly, 

DB again optimizes at Bo=0.7*R meaning that the optical ISI effect has a greater 

influence on signaling performance when compared to the impact of RB. Also, CSRZ 

minimizes around 1*R in the presence of coherent RB.  This is explained by the fact 

that CSRZ has strong +/-R/2 harmonic components.  Hence, additional ISI penalties 

from excessive optical filtering are preferred in order to reduce the strong +/-R/2 

beating terms of CSRZ.  

3.3.2  ASE and Coherent RB 

 The previous results for coherent ASE were obtained in the absence of ASE 

and electrical noise.  Realistic results for the ASE-limited sensitivity in the presence of 

RB (20 dB crosstalk level) are shown in Fig. 3.6.  Results for the optimal optical 

bandwidth for fixed electrical filters are shown in 3.7.  As would be expected, the 

inclusion of coherent RB causes additional QL penalties.  Moreover, optimal values 

for Bo and Be change.     
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Sensitivity Penalty (dB)

NRZ DB RZDB

RZ50 CSRZ RZ33

Fig. 3.6.  ASE-limited contour plots of constant QL to attain 
BER=10-9 in the presence of 20 dB of RB crosstalk (i.e. OSNRRB = 
20 dB into preamplifier). Optimal Bo/Be combinations designated 
by circles.   
 

While differences exist between the contour plots of Fig. 3.2 and Fig. 3.6 and 

the fixed Be plots of Fig. 3.3 and Fig. 3.7, the most relevant question relates to whether 

or not the presence of coherent RB noise changes the optimal receiver characteristics.  

In order to study this, Fig. 3.8 shows how Bo changes as a function of OSNRRB for 

fixed Be.  Fig. 3.8a indicates that large swings in optimal Bo occur as the OSNRRB 

increases above 20 dB.  For NRZ, the trend is towards large optical filter bandwidths 

while the opposite is true RZ formats.  These trends exemplify the intricate balance 

between noise reduction and filter induced ISI for the various modulation formats.  

Again, DB is largely independent of RB noise level since its performance is  
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Fig. 3.7.  QL sensitivity penalty to achieve BER=10-9 in the 
presence of 20 dB of RB crosstalk for fixed electrical bandwidth.  
Be = 0.7*R for NRZ and RZ formats and Be = 1*R for DB formats.   

 

determined by the optically induced ISI effects. Fig. 3.8b shows that large penalties 

are suffered when the OSNRRB is larger than about 20 dB. To quantify this effect, Fig. 

3.8c shows the relative excess QL penalty compared to the case of no RB. Results 

indicate that NRZ and DB suffer greater than 1 dB excess penalty for OSNRRB levels 

above about 20 dB. All RZ formats have slightly better RB immunity with 1 dB 

excess penalties occurring around 16-17 dB.   

Interestingly, the large optimization variations witnessed in Fig. 3.8 overstate 

the importance of receiver optimization as shown in Fig. 3.9.  Here, a comparison is 

made between the optimal receiver values as determined in Fig. 3.8 with the ASE-

limited optimal values as determined by Fig. 3.3.  Despite the seemingly large 

differences between optimal Bo values, Fig. 3.9 shows that there is little difference 

between ASE-optimized and ASE-with-coherent-RB-optimized receiver performance.  

With the exception of CSRZ subject to extremely high RB levels (< 15 dB OSNRRB),  
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(a) (b) (c)

 
Fig. 3.8.  QL performance under optimal receiver condition as a 
function of coherent RB level. (a) Optimal optical filter bandwidth. 
(b) Absolute QL penalty. (b) Excess QL penalty relative to case 
without RB crosstalk.   

 
Fig. 3.9.  Excess penalty for using ASE-limited optical receiver as a 
function of coherent RB level. The penalty for using an ASE-
optimized receiver is minimal.   
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there is less than 0.4 dB of excess penalty for using a simple, ASE-limited receiver.  

Thus, even if it is erroneously assumed that coherent RB is negligible and that ASE is 

the only significant noise process, no excess penalties from the improper choice of 

receiver filter will be sustained.  The fact that this is the case is not surprising: Fig. 3.5 

and Fig. 3.7 each indicate that coherent RB QL sensitivity penalty is only weakly 

coupled to optical filter bandwidth as illustrated by the flatness of the curves beyond 

1.5*R.  Hence, while it is possible to calculate exact optimal receiver characteristics, 

Fig. 3.9 demonstrates that even large deviations do not result in appreciable link 

budget loss.  Therefore, the primary conclusion of this section is that coherent RB 

noise has a negligible effect on the optimal design of preamplified receiver low pass 

characteristics.   

3.4  Incoherent RB Dominated Performance 

3.4.1  Incoherent RB: 0.8 bits/s/Hz Spectral Efficiency 

Intuitively, it makes sense that receiver filtering has little to no net impact on 

coherent RB reduction since the signal and noise occupy the same frequency space.  

Conversely, it would seem that in the case of IB links with incoherent RB that some 

amount of filtering may be beneficial.  This section studies how incoherent RB 

impacts optimal receiver design.     

 As a test case, an IB link is numerically modeled which has an aggregate SE of 

0.8 bits/s/Hz.  This corresponds, for example, to an IB topology which contains 40 

Gb/s channels with unidirectional channel spacing of 100 GHz.  Therefore, the two 

adjacent RB channels are separated by +/- 50 GHz (i.e. 1.25*R).  From the previous  
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Sensitivity Penalty (dB)

NRZ DB RZDB

RZ50 CSRZ RZ33

Fig. 3.10.  QL sensitivity penalty to achieve BER=10-9 in the 
presence of 20 dB of RB crosstalk for fixed electrical bandwidth.  
Be = 0.7*R for NRZ and RZ formats and Be = 1*R for DB formats.    

 

chapter, it was determined that channel spacing greater than R improves the RB 

sensitivity by as much as 10 dB.  These experimentally measured improvements do 

not account for the fact that the optical filter may further improve RB immunity.   

 The QL sensitivity penalty for an IB link with ASE, electrical noise and 10 dB 

OSNRRB is shown in Fig. 3.10.   In analyzing the results, it is clear that a 0.8 bit/s/Hz 

spectral efficiency IB link optimizes for unconventionally narrow optical filter 

bandwidths.  For example, RZ50 has an ASE-limited optimal optical bandwidth of 

2.4*R. In the IB topology calculated here, the optimal optical bandwidth reduces to 

1.55*R.   
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Fig. 3.11.  QL sensitivity penalty to achieve BER=10-9 in the 
presence of 20 dB of RB crosstalk for fixed electrical bandwidth.  
Be = 0.7*R for NRZ and RZ formats and Be = 1*R for DB formats.    

 

The importance of using narrow optical filtering is further demonstrated in Fig. 

3.11.  When the electrical filter is fixed to 0.7*R (or 1*R for DB formats), a clear 

minimum emerges which yields the smallest attainable QL penalty.  Whereas the fixed 

Be curves in the previous section tended to flatten after Bo > 1.5*R, the optimal filter 

bandwidths for the IB link optimize at specific values.  Beyond these optimal values, 

performance degrades because a larger amount of incoherent RB passes unmitigated to 

the photodetector. Interestingly, optimal values for Be remain in the region between 

0.5 and 1*R indicating that exactly the same receiver electronics can be used without 

incurring additional penalties. Overall, the results of Fig. 3.10 and Fig. 3.11 

demonstrate the vital importance of well designed demultiplexers in IB links.  With 

the exception of DB (which again optimized for a Bo = 0.7*R), trading optical filter 

induced ISI is preferred over passing undue amount of adjacent channel crosstalk.   
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3.4.2  Spectral Efficiency Considerations 

 The impact of incoherent RB for different spectral efficiencies is now 

discussed.  Results shown in this section are for optimally determined optical filter 

values, fixed Be, and OSNRRB of 10 dB.  Fig. 3.12a shows the ultimate spectral 

efficiencies possible for all modulation formats considered.  As was mentioned 

previously, optimal filter bandwidths tend to be narrower than ASE-limited links.  Fig. 

3.12 shows that these optimal values vary significantly as a function of channel 

spacing.  The trend is clear: the wider the modulation format, the larger the change in 

optimal Bo value.  For example, the widest format, RZ33, which has an ASE-

optimized Bo of about 3.1*R, narrows to about 1.4*R when the channel spacing is R.  

DB, on the other hand, maintains a nearly constant Bo, regardless of channel spacing.  

This indicates that DB is almost totally immune to incoherent RB in IB links and may 

be the best choice of modulation format for these purposes.      

 However, when one considers the absolute QL penalty of the various formats, 

the best choice of modulation format corresponds to the required spectral occupancy.  

In general, wider modulation formats tend to have better absolute QL penalty while 

narrower formats tend to have the smallest excess QL sensitivity penalty.  Fig. 3.12b 

and Fig. 3.12c illustrate this point.  By plotting the optimal QL penalty as a function of 

channel spacing, it is clear from Fig. 3.12b that RZ formats are far superior to NRZ 

and DB, especially for SE less than 1 bit/s/Hz.  Alternatively, Fig. 3.12c plots the 

excess sensitivity penalty caused by incoherent RB relative to the ASE-limited penalty 

(i.e. the QL limit as ∆f→∞).  This plot indicates the 1 dB power penalty incurred by  
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(a)

(b)

(c)

 
Fig. 3.12.  QL performance under optimal receiver condition as a 
function of channel separation between signal and RB. (a) Optimal 
optical filter bandwidth. (b) Absolute QL penalty. (b) Excess QL 
penalty relative to case without RB crosstalk.   
 

 
Fig. 3.13.  Excess penalty for using ASE-limited optical receiver as 
a function of incoherent RB level. The penalty for using an ASE-
optimized receiver is large for tight channel packing density.   
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incoherent RB in IB links.  The trend shows that the vulnerability of the IB link to RB 

crosstalk increases with the bandwidth of the modulation format PSD.  Based on the 

calculations, DB is highly resistant to incoherent RB up to channel separations of R/2 

(i.e. SE = 2 bits/s/Hz.) 

 The final confirmation of the importance of receiver optimization in the 

presence of incoherent RB is shown in Fig. 3.13.  This plot is analogous to Fig. 3.9 

and compares the excess sensitivity which would be suffered if ASE-optimized 

filtering is used instead of RB-optimized filtering.  While coherent RB penalties are 

roughly independent of Bo, incoherent RB penalties are highly sensitive to Bo 

fluctuations (see Fig. 3.11). Therefore, the penalty for erroneously implementing ASE 

optimized receiver filters is substantially greater in IB links.  Beyond spectral 

efficiencies of 0.8 bits/s/Hz, the penalty is less than 0.5 dB. However, when ultra 

dense systems are considered, the penalty for not using optimal optical filtering grows 

rapidly.  For adjacent channel spacing less than R, non-optimal filtering penalties 

exceed several dB for the widest modulation formats.   

3.5  Conclusion 

 This chapter represents the first ever rigorous study on the impact of RB noise 

on receiver design. A summary of the results can be found in Table 3.1.  Here, optimal 

Bo and QL values are listed for the four main systems under investigation. A clear 

delineation between coherent and incoherent RB has been exposed.  Results indicate 

that it is not possible to improve coherent RB-limited performance using standard  



 

 

75 

 

Table 3.1. 
Summary of Optimal Filtering and QL Penalty  for ASE and RB Noise 

 
ASE + Coherent RB ASE + Incoherent RB 

 

ASE Limited 

(ASE + Electrical  

Noise) 

Coherent RB Limited 

(RB ONLY) OSNRRB = 20 dB 
S.E. = 0.8 bits/s/Hz 

OSNRRB = 10 dB 

 

Optimal  

Filter 

Bandwidth 

Penalty  

(dB) 

Optimal 

Filter 

Bandwidth 

OSNR 

Q=6 

(dB) 

Optimal  

Filter 

Bandwidth 

Penalty  

(dB) 

Optimal 

Filter 

Bandwidth 

Penalty 

 (dB) 

NRZ 1.4 2.76 >3 14.65 1.6 4.09 1.3 2.82 

DB 0.7 4.24 0.7 15.1 0.7 5.39 0.7 4.24 

RZDB 1.55 3.42 1.55 11.69 1.55 3.9 1.3 3.80 

RZ50 2.4 1.65 >3 11.2 2.6 2.16 1.55 2.12 

CSRZ 2.9 1.89 1 10.4 2.3 2.46 1.5 2.34 

RZ33 3 1.48 >3 10.4 3.1 1.79 1.75 2.31 

 
optical or electrical filtering techniques because the signal and RB field a perfectly 

overlapped in the frequency domain.  When compared with ASE-optimized receivers, 

there is no appreciable difference in the overall receiver design for coherent RB.  In 

some sense, this is fortunate as it means that coherent RB-limited links like Raman 

amplified networks and PONs do not require additional design considerations.  

However, this also implies that little can be done if RB levels become overwhelmingly 

large.  In this case, the only choice is to limit coherent RB as much as possible. 

Incoherent RB has a distinct design paradigm compared to coherent RB.  As was 

shown for IB links, incoherent RB can be well mitigated through optimal link design.  

In general, optimal filter bandwidths tend towards unconventionally narrow RB 

optical filtering while the electrical filter bandwidths remain roughly unchanged.  

When designing IB links, it has been illustrated that the best choice of modulation 
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format depends the availability of optical demultiplexer bandwidths.  As would be 

expected, wider modulation formats are best for low and moderate link capacities 

while spectrally narrow formats are best for very dense systems when performance is 

quantified in terms of excess RB penalty.     

 Interestingly, it was determined that DB is mostly unaffected by RB noise. For 

both coherent and incoherent RB noise, optimal DB filtering was almost always 

0.7*R.  This optimal value has been identified for ASE-limited DB performance in 

[13-15] and points to the complex ISI effects which accompany the intrinsic phase 

coding of the DB optical field.  This study has shown that the optimization of DB is 

RB noise invariant.  For this reason, DB is the modulation format of choice for ultra 

dense IB links since the impact of incoherent RB can be largely ignored.       
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4. DC Block Filtering of Homodyne 
Crosstalk 
 
 Thus far, mitigation of RB noise has been accomplished through frequency 

discrimination between interfering channels.  In general, it has been demonstrated that 

RB can be sufficiently reduced by the simultaneous separation of counter-propagating 

beyond the bit rate and implementation of unconventionally narrow optical 

demultiplexing filters.  Unfortunately, there exist a multitude of scenarios where it is 

inconvenient (and even impossible) to produce frequency separation between the 

signal and RB light.  In these cases, severe coherent crosstalk penalties will occur.  As 

it was concluded in Chapter 3, receiver optimization through conventional filtering 

approaches in the presence of coherent RB crosstalk does not yield appreciable 

penalty reduction because the signal and RB fields a perfectly overlapped in the 

frequency domain.   

 When coherent linear crosstalk is unavoidable, many countermeasures have 

been proposed [1-6].  Whether the crosstalk is caused by a discrete or distributed 

number of interferers, the general approach for noise reduction is to artificially 

broaden the signal and interferer(s) in the optical domain.  In doing so, the frequency 

content of the beat noise generated by coherent crosstalk is sufficiently broadened 

such that a larger portion of the noise is eliminated by the finite bandwidth of the 
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receiver. In many situations, however, popular broadening techniques such as 

transmitter chirping and phase dithering introduce additional hardware and chromatic 

dispersion penalties [7].   

 The PON is a network topology which is severely limited by coherent linear 

crosstalk, particularly when CLS is employed [8, 9].  As the leading network topology 

for “last mile” and fiber to premises applications [10], the PON is particularly cost-

sensitive.  In general, the design goal of a PON is to offer a simple, robust, 

bidirectional fiber optic communication channel which does not necessitate expensive 

optoelectronic hardware.  For this reason, it is advantageous to investigate low-cost 

techniques which can reduce coherent crosstalk penalties without incurring undo stress 

on the PON infrastructure.   

 In this chapter, a novel technique using AC-coupled receivers is proposed 

which provides a low-cost solution for coherent crosstalk mitigation.  It is shown that 

appropriately designed DC blocking filters improve power margin in PONs without 

the need for additional expensive hardware.  The technique is shown to be viable for 

both discrete and distributed linear crosstalk and issues regarding critical design 

parameters such as modulation format, extinction ratio and laser linewidth are 

elucidated.  Finally, a generalized RB noise model is introduced which calculates the 

ultimate performance of a CLS-PON when optimal DC blocking is used. It is shown 

that a careful analysis of the unique noise properties in CLS-PON reveals that reach 

can be extended up to 53% through proper use of high and low frequency electronic 

filtering.  
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4.1  AC-Coupled Receivers and DC Blocking 

In general, AC-coupled receivers are preferred in digital communications 

systems because they avoid penalties from DC offset fluctuations, promote clock 

recovery and allow for independent biasing of post-detection electronics.  For these 

reasons, conventional IM-DD links use AC-coupled receivers.  The optimal design of 

an AC-coupled receiver relates to the proper choice of blocking capacitor in the 

receiver electronics.  The low frequency cutoff (LFC) of the receiver is given by the 

simple relation 

 
CRR

f
LS

LFC )(2

1

+
=

π
. (4.1)  

In (4.1), C is the value of the series blocking capacitor and RS and RL are the source 

and load resistance, respectively.  In a 50 Ω matched systems, a capacitance of 1.57 

µF gives a LFC of about 1 MHz.   

The best choice of LFC depends on the data rate, line code and modulation 

format of the transmission so as to ensure that the low frequency signal content is not 

distorted through highpass filtering effects known as baseline wander [11].  In 

conventional systems, gigabit capable AC-coupled receivers have low frequency 

response times on the order of µs (i.e. LPC ~ 10-100 kHz) [1, 12].  However, as it will 

be shown later, optimal LFC values can vary by orders of magnitude in links degraded 

by coherent crosstalk.  The impact of DC blocking on the reduction of coherent  



 

 

81 

Electrical DomainOptical Domain

λo

∆ν

|•|2∆ν

Signal

Interferer

Square-law
Detector

| |

∆ν
Pre-DC Block Post-DC Block

DC Block
(Cutoff > ∆ν)

 

 

Fig. 4.1. DC blocking of IC for a transmitted laser with linewidth 
∆ν∆ν∆ν∆ν.  The figure below the schematic shows the pre (purple) and 
post (yellow) DC block electrical noise spectrum.  The DC block 
removes significant low frequency PM-to-AM induced beat noise.  
 

crosstalk has been heretofore ignored in the literature and is described here for the first 

time.   

 Coherent crosstalk reduction via DC blocking is possible because optical 

crosstalk is highly colored in the frequency domain, particularly at low frequencies.  

For example, when a non-carrier suppressed modulation formats like NRZ is 

employed, a significant amount of energy is present in the DC carrier tone (>50% 

depending on exact pulse shapes and ER).  Upon detection in the presence of coherent 

crosstalk, PM-to-AM transfer of the laser phase noise will generate a large portion of 

the photocurrent fluctuations near DC (see Fig. 4.1).  Assuming the interfering fields 
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are phase uncorrelated, co-polarized and spectrally overlapped, the low frequency beat 

noise after square-law detection will occupy a single sided bandwidth equal to the 

linewidth (∆ν) of the transmitter laser [13].   Conveniently, the low frequency 

information content of the signal is often restricted via line coding in order to facilitate 

clock recovery and permit AC-coupling in the receiver electronics [1].  Hence, the 

deleterious low frequency noise energy lies in a frequency range devoid of information 

content and can therefore be filtered with a suitable DC block (shaded region in Fig. 

4.1).  The optimal choice of DC block ultimately depends on the tradeoff between low 

frequency noise rejection and filter-induced baseline wander penalties caused by long 

spans of consecutive identical bits (CIB) [14].   

4.2  DC Blocking of RB Noise 

4.2.1  Theory: Beat Noise Spectral Characteristics 

It is easiest to describe the impact of DC blocking by calculating the noise 

variance in the frequency domain.  Since distributed RB in a fiber can be treated as a  
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Fig. 4.2. Frequency content of coherent RB beat noise.  Beat noise 
has a two-sided spectrum spanning twice the original bandwidth 
with a maximum at DC.  
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WSS, ccg random process, it is possible to express the signal-RB beat noise (σ2
sig-RB) 

generated during square-law detection by converting (2.6) to the frequency domain.  

The result is [8] 

 ( )dffSfSfSfSfHR sigRBRBsigpolDRBsig )()()()()(
222 ∗+∗= ∫

∞

∞−
− ησ  (4.2)  

where H(f) is the frequency response of the electrical filter and Ssig(f) and SRB(f) are 

the optically filtered PSDs of the signal and RB, respectively.  Since signal-RB beat 

noise is the dominant noise source for sufficiently large OSNRRB, the beat noise 

spectrum is given by a filtered version of the cross-correlation of the signal and RB 

fields.   

 When the signal and RB PSD are identical and perfectly overlapped in the 

optical domain (a.k.a. in-band coherent RB noise), auto-correlation properties specify 

that the unfiltered frequency content of the signal-RB beat noise will be maximized at 

DC and cover twice the bandwidth of the original signal (see Fig. 4.2).  For 

modulation formats like NRZ and RZ, this low frequency noise will be large owing to 

the strong DC tones of the optical PSD.  The actual amount of low frequency RB noise 

depends on factors like modulation format, extinction ratio (ER) and ∆ν.  Consider the 

PSDs of a random sequence of NRZ and RZ (50% duty cycle) square pulses: 
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Here TB is the bit period and γ is the ratio of the power in the zeros (spaces) to the  
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Fig. 4.3. Theoretical plot of total signal-RB noise within a given 
bandwidth for different values of ∆ν∆ν∆ν∆ν.  ER = infinity. (a) 10 Gb/s 
NRZ. (b) 10 Gb/s RZ.  
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Fig. 4.4. Theoretical plot of total signal-RB noise within a given 
bandwidth for different values of ER.  ∆ν∆ν∆ν∆ν = 3 MHz..  (a) 10 Gb/s 
NRZ. (b) 10 Gb/s RZ.  

 

power in the ones (marks) (i.e. γ  =  P0/P1 = 1/ER).  By inspection, it is clear that NRZ 

and RZ possess strong DC tones which grow in strength as ER degrades.  Phase noise 

fluctuations from the source further broaden the signal PSD with the resultant field 

PSD, Sactual(f),  given by the convolution of the modulation PSD with the source PSD 

 )()()( / fSfSfS RZNRZactual ν∆⊗= . (4.5) 

Typically, a DFB laser used in telecom application will possess a Lorentzian 

broadened lineshape with a PSD given by 
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The impact of source linewidth and ER on the removal of RB beat noise via DC 

blocking is shown in Fig. 4.3 and Fig. 4.4.  The percentage of signal-RB noise falling 

within a specified receiver bandwidth for various Lorentzian shaped laser linewidths 

in shown in Fig. 4.3.  The results indicate that roughly 25% of the total coherent RB 

crosstalk exists within a bandwidth of about 3*∆ν for NRZ.  For RZ, 12.5% of the 

total noise energy lies within 3*∆ν.  The cumulative noise near DC increases further 

as ER degrades as shown in Fig. 4.4.  Because the DC terms of (4.3) and (4.4) increase 

with smaller ER, it is clear from Fig. 4.4 that both NRZ and RZ formats generate 

significant low frequency signal-RB beat noise for realistic ER (< 15 dB).  For 

realistic system conditions (i.e. ∆ν << R , ER ~ 8-14 dB), Fig. 4.3 and Fig. 4.4 show 

that DC blocking may be an effective means of RB noise suppression. 

4.2.2  Experimental Results 

4.2.2.1  Experimental Setup 

The experimental setup shown in Fig. 4.5 was used to study DC blocking of 

RB noise.  For this experiment, a standard 3 MHz full width half max (FWHM) 

distributed feedback laser (DFB) is used as the source.  To facilitate the study of 

variable linewidths, a phase modulator (PM) driven with a 223-1 PRBS pattern was 

placed after the laser  to broaden the laser line.  The inset of Fig. 4.5 shows the 

broadening effect of the lineshape before (purple) and after (yellow) the PM.   
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Fig. 4.5. Experimental setup to measure impact of DC blocking on 
coherent RB noise.  Inset shows the line broadening effect of the 
PRBS modulated PM.  
 

The signal is split into a signal arm and a RB noise generating arm containing a VOA.  

The polarizations of the two arms and their relative powers are controlled using 

POLCs, a PBS, an OSA and a power meter.  OSNRRB is monitored at the input to the 

preamplified receiver and the noise sensitivity is recorded using a BER measurement 

with optimal sampling phase and decision threshold.   

The setup shown in Fig. 4.5 is for measurements taken with a preamplifier.  

Additional measurements were taken to measure the power penalty as well.  To 

measure power penalty, the preamplifier and OBPF were removed and replaced by a 

VOA.  The power penalty measurement studies the electronics noise limited  
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Fig. 4.6. BER plots for different LFC values and a source laser with 
∆ν∆ν∆ν∆ν = 3MHz.  (a) 10 Gb/s NRZ, ER = 13.6 dB.  (b) 10 Gb/s RZ, ER = 
14.6 dB.  (c) 10 Gb/s NRZ, ER = 10 dB.  (d) 10 Gb/s RZ, ER = 10 
dB.      
 

performance of the receiver for various OSNRRB while the preamplified measurement 

studies the RB dominated performance.  Both measurements are considered acceptable 

noise characterization techniques and, as it will be shown, results corroborate well.   

4.2.2.2  Preamplified Receiver Results 

The impact of DC blocking is studied by placing DC blocks of varying LFC at 

the receive port of the BERT and taking BER curves as shown in Fig. 4.6.  In Fig. 4.6a 

and Fig. 4.6c, DC blocking results are shown for ER of 13.6 dB and 14.6 dB for NRZ 

and RZ, respectively.  Results indicate that both modulation formats have negligible  
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(c)(b)(a)

16 MHz8 MHz100 kHz

 
Fig. 4.7. 10 Gb/s NRZ eye diagrams with (a) 100 kHz DC block, (b) 
8 MHz DC block and (c) 16 MHz DC block.  OSNRRB = 22 dB.  

8 MHz
16 MHz

 

Fig. 4.8. Impact of laser linewidth on the effectively of DC blocking 
of coherent RB.  When ∆ν∆ν∆ν∆ν > LFC, negligible BER enhanced is 
measured.  When ∆ν∆ν∆ν∆ν is on the order of the data rate, BER 
improved is caused by PSD broadening which causes high 
frequency beat noise.   
 

sensitivity improvement with increasing LPF at a BER of 10-9. This is explained by 

the fact that higher ER signals contain less DC energy.  Therefore, the benefits of 

eliminating low frequency noise are offset by the eye closure penalty owing to 

baseline wander when BER is very small (<10-9).  Interestingly, sensitivity 

improvements of 2 dB and 1 dB are gained for a BER of 10-3 for NRZ and RZ, 

respectively.  The performance enhancement at lower BER is explained by the fact 
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that at higher noise levels, it is advantageous to induce slightly larger filtering 

penalties in favor of enhanced noise removal.  This tradeoff causes the more strongly 

filtered BER curves to have shallower slopes as shown in Fig. 4.6 and indicates that 

DC blocking of RB noise may be ideal when used in conjunction with links employing 

FEC [15].       

At moderate ER (10 dB), DC blocking yields a marked improvement for both 

NRZ (Fig. 4.6b) and RZ (Fig. 4.6d).  With the increased concentration of low 

frequency noise for an ER of 10 dB, it is clear that optimal DC filtering at the receiver 

can yield sensitivity improvements of 2 dB for a BER of 10-9 and 3 dB for a BER of 

10-3.  As is consistent with Fig. 4.3 and Fig. 4.4, the optimal LFC ranges from about 8 

to 10 MHz (i.e. ~3*∆ν).  This optimal point around 3*∆ν represents an important 

tradeoff: below this value, more noise passes to the decision circuit causing bit errors, 

above this value, high pass filtering penalties from baseline wander result in excessive 

eye closure.  The eye diagrams for NRZ in Fig. 4.7 support this point.  With a LFC of 

100 kHz, the majority of the RB beat noise passes through to the detector as shown in 

Fig. 7a.  When the LFC is increased to 8 MHz (Fig. 7b), the low frequency RB beat 

noise is filtered substantially without causing unnecessary baseline wander.  When the 

LFC is 16 MHz (Fig. 7c), excessive filter-induced eye closure causes sub-optimal 

BER, particularly with moderate noise levels yielding errorless (<10-9) performance. 

To verify the impact of laser linewidth on the DC blocking of RB, the PM in 

the experimental setup was driven with a variable clock PRBS pattern.  By changing 

the data rate of the PRBS, arbitrary linewidth broadening was achieved.  The results  
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8 MHz8 MHz

 

Fig. 4.9. Power penalty curves for NRZ. 
 

are illustrated in Fig. 4.8 for an OSNRRB of 15.9 dB.  As would be expected, as the 

linewidth is broadened beyond the LFC of the DC block, the noise mitigation reduces 

drastically.  It is interesting to note in Fig. 4.8 that as the linewidth is broadened far 

beyond ∆ν, the BER begins to improve slightly.  This effect is caused by the fact that 

the larger effective signal spectrum generates higher frequency beat noise which 

begins to fall outside the bandwidth of the receiver.  This effect has been noted 

previously [2] as an alternative method of crosstalk mitigation but introduces an 

additional chromatic dispersion penalty.   

4.2.2.3  Power Penalty Results 

 Power penalty measurements confirm the results obtained in the previous 

section.  The measurement of power penalty is straightforward: BER versus input  



 

 

91 

8 MHz8 MHz

 

Fig. 4.10. Impact of ER on achievable BER.  OSNRRB is fixed at 
18.6 dB.    

 

power curves are taken with and without RB present.  Optical powers required to 

maintain BER of 10-3 and 10-9 are recorded.  The difference in power required to 

maintain the same BER with and without RB noise is defined as the power penalty.  

By convention, power penalty helps indicate how much optical noise is acceptable so 

as not to contribute to receiver sensitivity degradation. 

 The power penalty results for NRZ are shown in Fig. 4.9 for various BER 

levels and ERs.  As was determined during the preamplifier measurements, DC 

blocking is best used with moderate ER (< 10 dB) and low BER (10-3).  In the worst 

case, when ER is 13.6 dB and BER is 10-9, it is clear that DC blocking on the order of 

8 MHz causes an additional sensitivity penalty of 2.5 dB for a fixed power penalty of 

2 dB.  In the best case, when ER is 10 dB and BER is 10-3, optimal DC blocking yields 

a 4.5 dB sensitivity improvement for a fixed power penalty of 1 dB.  A conclusion that 

can be made based on these results is that appropriate DC blocking is intimately 

related to the ER of the transmitted signal.  In 10 Gb/s systems where excellent ERs (> 
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13 dB) are obtained, it is desirable to have very small LFCs (< 1 MHz) in order to 

minimize baseline wander penalties.  However, in applications where transmitter 

performance is traded for cost, such as in PONs, DC blocking remains a robust 

method for RB mitigation.        

 The impact of ER on BER is demonstrated in Fig. 4.10 for a fixed OSNRRB of 

18.6 dB.  As is consistent with the theoretical arguments of Fig. 4.4, experimental 

results show that decreasing ER results in increased amounts of low frequency noise.  

This noise, in turn, can be greatly reduced by implementing DC blocks with LFCs 

several times larger than ∆ν.  As the ER increases above 10 dB however, the BER 

curve for larger LFCs tends to flatten to a constant BER while the smaller LFCs 

continue to improve in BER performance.    

4.3  DC Blocking of Discrete Crosstalk 

Discrete coherent crosstalk, also known as in-band IC, is recognized as a 

limitation in many types of fiber owptic links including PONs and optically switched 

networks [2, 3, 7, 16-18].  Whether it is caused by fiber facet reflections or insufficient 

isolation between ports in an optical add-drop multiplexer (OADM), IC between a 

weak interferer and a signal results in transmission penalties due to excess beat noise 

during square-law detection.  In order to assuage penalties caused by IC, several 

countermeasures have been proposed including transmitter chirping [17], phase 

modulation [3], phase scrambling [2] and the use of low coherence optical sources 

[18].  Although all of these techniques are effective in reducing IC penalties, they all 

come with various drawbacks such as increased complexity, need for additional 
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optoelectronic hardware and introduction of additional chromatic dispersion penalties 

[7]. 

 In this section, electrical DC blocking is shown to reduce the low frequency 

beat noise generated during photodetection.  Although the underlying statistics vary 

compared to that of RB (especially in terms of there underlying PDFs [19, 20]), it is 

experimentally demonstrated that the colored nature of IC noise can also be taken 

advantage of to reduce noise penalties via DC blocking.  Results for 1 and 4 interferers 

are obtained and sensitivity improvements as large as 6.5 dB are obtained.   

4.3.1  Experimental Setup            

The experimental setup shown in Fig. 4.11 was used to verify the DC blocking 

technique for IC reduction.  The setup is nearly identical to the previous section except 

that the interference comes for discrete paths in the system.  The noise path was split 

up to four times to study the impact of 1 and 4 total interferes.  A span of fiber much 

longer than the coherence length of the laser was used in all four noise paths to 

decorrelate the signal and interferer(s) data and to ensure incoherent addition of the 

fields.  The signal and noise paths were then recombined and detected.  The optical 

receiver was identical to that in Section 4.2.   

4.3.2  Power Penalty Results            

By changing the signal to crosstalk ratio (OSNRXT) and the overall power into 

the receiver, the power penalty (relative to the no crosstalk sensitivity) caused by IC 

for LFCs of 100 kHz, 5 MHz and 8 MHz was measured.  Fig. 4.12 plots the power 

penalty versus crosstalk level for 14 dB and 10 dB ER for a bit error rate (BER) of    
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Fig. 4.11. Experimental setup to measure the impact of DC 
blocking on the reduction of discrete coherernt crosstalk.  
 

10-9 and a BER of 10-3.  Similar to results for RB, the results when the ER is high and 

BER is 10-9, excessive DC blocking causes an additional power penalty owing to 

increased eye distortion caused by baseline wander [11].  However, under conditions 

where either the ER is reduced to 10 dB and/or the tolerable BER is relaxed to 10-3, 

optimal DC blocking yields an improved power penalty.  The improvement is again 

explained by the fact that when the ER is reduced, the optical DC component of the 

NRZ signal produces a greater percentage of IC within ∆ν after square-law detection.  

The explanation for the larger improvement at BER = 10-3 is further explained by the 

fact that for large amounts of crosstalk (OSNRXT < 20 dB), the eye closure penalty 

caused by pattern dependent baseline wander is considerably smaller than the eye 

closure penalty caused by the increased noise variance.  Thus, at low BER and high 

crosstalk levels, bit errors caused by filtering effects have a smaller impact than errors 

caused by low frequency noise fluctuations, which are greatly suppressed by properly 

designed DC blocks.  As is shown in Fig. 4.12d, when ER = 10 dB and BER = 10-3, 

the impact of IC can be reduced by as much as 6.5 dB for a 1 dB power penalty.  In  
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Fig. 4.12. Power penalty curves for IC (4 interferers). 

 
 

 
Fig. 4.13. Power penalty curves for IC (1 interferer). 
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No Block   8 MHz    16 MHz 

 
Fig. 4.14. Eye diagrams for various LFC values in the absence (top 
row) and presence (bottom row) of a single interferer.     

 

comparing Fig. 4.12 and Fig. 4.13 it is evident that results for 1 and 4 interferers are 

qualitatively similar.  The quantitative differences in performance are explained by the 

fact that the underlying PDFs change as a function of number of crosstalk components 

[7].  Although an exact calculation of the expected performance is beyond the scope of 

this study, the rigorous treatment in [16]can be extended to include the effects of DC 

filtering on IC noise. 

Finally, the eye diagrams with and without IC are shown in Fig. 4.14.  When 

there is no IC, the most open eye is achieved with the lowest (100 kHz) LFC.  

Likewise, the most distorted eye is measured for the largest (8 MHz) LFC.  However, 

when IC is present, the larger LFC cancels a more significant portion of the noise 

resulting in superior BER performance.   
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4.4  Discussion of Experimental Results 

It is clear from the experimental results that optimized DC blocking can have a 

significant impact on the reduction of coherent crosstalk.  Table 4.1 summarized the 

power penalty results for 1, 4 and infinite interferers. For the majority of cases, net 

positive power penalty improvement is measured for larger than normal LFCs. Results 

show that as much as 6.5 dB sensitivity improvement is gained by use of an optimal 

LFC in the AC-coupled receiver.  In general, smaller ERs and lower BER optimize for 

higher frequency LFCs.    Also, theoretical considerations suggest that the majority of 

the low frequency beat noise is eliminated with LFC several times larger than the laser 

linewidth.  The experimental results clearly show that the 8 and 10 MHz DC blocks 

yielded the best noise reduction/baseline wander tradeoff, regardless of the number of 

interferers.  Ultimately, the optimal choice of LFC in the receiver ultimately depends 

on the type of optical link in question.   

Links degraded by coherent crosstalk which employ forward error correction 

(FEC) would achieve higher system margin because of the ability to correct BERs on  

the order of 10-3.  It has already been shown that FEC can correct RB noise [15] and 

IC [21].  These preliminary results indicate that DC blocking may further enhance the 

effectiveness of FEC for correction of coherent crosstalk.  It is interesting point out is 

that it was determined in [15] that a caveat of using FEC in the presence of RB is that 

the source coherence must be controlled as to avoid coherent fading effects.  

Considering the fact that DC blocking eliminates noise content which correlates up to  
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Table 4.1. 
Summary of Power Penalty Improvement 

BER = 10-9 BER = 10-3 

# of Interferers ER (dB) 1 dB Penalty 2 dB Penalty 1 dB Penalty 2 dB Penalty 

10 1.75 3 6.5 6.75 
1 Interferer 

14 < -5 -0.7 2 2.25 

10 -2.5 1.5 5.25 4 
4 Interferers 

14 -5.25 -0.4 2 2.75 

10 -5 0.3 4.25 >3 ∞ Interferers 

 (Rayleigh) 13.6 -7.5 -2.5 2.6 >2 

 

several µs (i.e. MHz), it can be reasoned that DC blocking may be an alternative to 

coherence control in links which use FEC to correct RB noise.  

Local area networks (LAN) would also potentially benefit from optimized DC 

blocking due to the requirement for low cost hardware.  As an example, DC blocking 

of IC would potentially improve 10 Gb/s Ethernet which must operate error free for 

ER = 3 dB with return loss on the order of 12 dB [22].  Based on the results of Fig. 

4.4, it can be surmised that proper DC blocking of coherent crosstalk would result in 

the elimination of more than 60% of the beat noise energy.  Considering the cost-

sensitivity of Ethernet applications, it is obvious that the simple implementation of the 

appropriately sized DC blocking capacitor would be extremely advantageous.   

 Finally, it is important to emphasize that baseline wander and optimal LFC are 

related to the line coding of the transmitted data.  Although line coding is not 

explicitly addressed in this paper, the DC blocking technique would be further 

enhanced with the implementation of DC balanced line codes like Manchester coding 

or 8B10B code [1].  In our experiments, we used PRBS test pattern of length 231-1 

which contains 31 CIB.  This large CIB causes a pessimistic baseline wander scenario  
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Fig. 4.15. Example of a CLS-PON topology. Two types of RB noise 
exist: one caused by backreflection of the CW light and the other 
by the backreflection and re-modulation of the light launched from 
the ONU.     

 

and thus yields a conservative estimate for the merits of DC blocking of RB.  If DC 

balanced line codes are implemented, it is expected that DC blocking of RB would be 

feasible for larger linewidths and/or lower data rates.    

4.5  CLS-PON Noise Model 

The CLS-PON is a popular topology for communication between a network 

provider (CO) and many close-proximity customers (ONU) as shown in Fig. 4.15. The 

key feature of the CLS-PON is that the CO supplies the light source for the upstream 

transmission. The advantage of placing the optical source at the CO is that it 

minimizes the number of optical components at the ONU and allows for easier 

network maintenance and wavelength allocation. Unfortunately, the bidirectionality of 

the CLS-PON causes RB noise penalties. It is the appropriate treatment of the RB in 

the CLS-PON which determines the maximum link budget and reach [9, 23].  
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In this section, the true value of prudent DC blocking will be demonstrated in 

the CLS-PON topology through the derivation of a novel, generalized noise model. It 

will be shown that the ultimate performance of a CLS-PON must be calculated by 

accounting for the rigorous frequency characteristics of the RB, the optical gain at the 

ONU site, the laser linewidth, extinction ratio, modulation format and corresponding 

high frequency and low frequency cutoff of the receiver electronics.  By accounting 

for these critical parameters, it is shown that a 53% improvement in reach is attainable 

over previous conventional models.   

4.5.1  Approach and Assumptions 

To accurately predict the performance of a CLS-PON, the coloredness of the 

RB noise components and the receiver characteristics must be considered. The 

following assumptions are used to generate the noise model: 

1. Signal-RB beat noise is the dominant noise process in the system. 
Therefore, ASE and electrical noise will be ignored. This assumption is 
valid as long as the detected power at the CO is above the sensitivity limit 
of the CO receiver. Typical span losses will not exceed 15 dB justifying 
this point, especially if avalanche photodiodes are used. ASE will be small 
since only one optical amplifier will be used. 
 
2. ISI is negligible (both filter induced and chromatic dispersion induced).  
 
3. The frequency response of the modulator at the ONU is flat. For 
example, complications associated with DC filtering in gain clamped 
RSOAs will be ignored [23]. 
 
4. The downstream CW light will be un-modulated. Alternative CLS-PON 
topologies have demonstrated duplex communication on the same carrier 
via orthogonal modulation formats [24] but will be ignored in this 
analysis. 
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The approach to calculate the performance of a CLS-PON in the presence of RB will 

be to maximize the Q-factor as a function of electrical filtering, ∆ν, ER, ONU gain, 

span loss and modulation format. After developing the general noise model, examples 

with NRZ and RZ will be discussed to illustrate performance under the most common 

operating conditions.   

4.5.2  CLS-PON Topology: Type 1 and Type 2 RB Noise             

 A careful analysis of the CLS-PON link reveals that two RB noise types exist; 

deemed Type 1 RB (RB1) and Type 2 RB (RB2) in Fig. 4.15 and 4.16 [8].  Type 1 RB 

is generated from the un-modulated, singly backscattered CW light launched from the 

CO location.  Since Type 1 RB never reaches the ONU, its frequency content is 

caused only by the PM-AM conversion of the laser phase fluctuations.  

Type 2 RB, on the other hand, is additionally broadened by the ONU 

modulation. Figure 4.16 describes the path of Type 2 RB showing the stages in both 

the time and frequency domain. Type 2 RB is generated by the upstream data which is 

backscattered in the fiber back towards the CO (in gray).  The downstream RB noise 

becomes Type 2 RB noise when it is then re-modulated, amplified and transmitted 

back to the CO, synchronously along with the desired signal light. The fact that Type 

2 RB is intensity modulated by the ONU modulator implies that Type 2 RB is a non-

stationary random process and must be treated carefully. Since the signal and Type 2 

RB are synchronous in terms of their intensity modulation, it is known a priori that the 

noise will be maximum over a mark period and the noise will be minimum over the  
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Fig. 4.16. Time/Frequency domain representation for the signal 
and RB in a CLS-PON.     
 

space period, with the ratio given by the ER of the ONU modulator. Hence, the signal-

RB beat noise must be calculated separately for marks and for spaces.  

Another important clarification is that it is only necessary to quantify the 

impact of signal-RB2 beating over the middle of the bit period since this will lead to 

intensity noise at the sampling instant and hence bit errors. Therefore, the additional 

spectral broadening caused by re-modulation will not affect the beat noise frequency 

characteristics of the marks and spaces over the middle of the bit period since the re-

modulation process only contributes to excess noise broadening on the rising and 

falling edges of the bit period. Based on this physical reasoning, signal-RB2 beat noise 
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will be calculated assuming a PSD proportional to the singly broadened signal 

spectrum.  

4.5.3  Electronic Filtering and RB Reduction 

As was first shown in (4.2), knowledge of the RB noise PSD allows one to 

calculate the total noise within a certain receiver bandwidth. For this analysis, it is 

assumed that the signal and noise pass undistorted through the optical demux (i.e. Bs 

<< Bo). Therefore, calculation of the total signal-RB noise variance is computed by 

knowing the frequency response of the receiver, H(f). To simplify matters, it is 

assumed that H(f)  

 

Fig. 4.17.  Cumulative noise as a function of fLFC (see (4.8)). ααααRB can 
be determined from cumulative noise curve. ααααLFC is the cumulative 
noise below fLFC. For example, ααααLFC = 0.42 for Type 1 RB when fLFC 

= 10 MHz.  ααααHFC is the amount of cumulative noise lying outside 
fHFC. Thus, if fHFC = 10 GHz, ααααHFC = 1 - 0.96 = 0.04 for Type 1 RB. 
Therefore, ααααRB = 0.42 + 0.04 = 0.46 for Type 1 RB with fLFC = 10 
MHz and fHFC = 10 GHz. 
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has an ideal response such that H(f) = 1 in the pass band and H(f) = 0 in the stop band. 

With this, and assuming a symmetric PSD, (4.2) simplifies to  

 ( )∫ ∗+∗=−
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f

f
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Here fLFC is the DC block cutoff frequency and fHFC is the receiver low pass cutoff. 

Physically, the application of finite limits on the variance integral implies that some 

percentage of the total signal-RB beating will be rejected by the receiver electronics. 

This ratio of noise rejection to total available noise can be defined by a scaling 

coefficient αΡΒ such that  
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Here, the scalar terms αLFC and αHFC represent the percentage of noise rejected by the 

DC block and receiver low pass filter, respectively. A graphical interpretation of the 

calculation of (4.8) is shown in Fig. 4.17 for infinite ER NRZ for Type 1, Type 2 and 

coherent RB.   
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4.5.4  Q-Factor Optimization 

 The Q-factor is now computed by calculating the individual powers of the 

signal and RB components. By tracing the roundtrip path of the signal, the average 

and peak power of the signal is given by 

 GLPPGLPP Ls
PeakAverage

LS
2/2 ˆ = →←= β . (4.9) 

where <> represents time average and ^ represents peak. Here, PL is the launch power 

at the CO, L is the single span loss, G is the ONU gain and β is the ratio of the peak 

mark power to the average power of the modulation. Written in its most general form,  

 ( ) ( )( )mmm
pk

ave pdp
ER

dp
P

P −+−+== 11
1β . (4.10) 

Here, pm is the average mark probability (i.e. mark density, typically pm = 0.5) and d is 

the duty cycle of the modulation (e.g. d = 1 for NRZ and d = 0.5 for 50% RZ). The 

expression for β in (4.10) is applicable to any intensity modulated optical signal, 

regardless of ER, mark density or duty cycle. (The previous analysis using (4.3) and 

(4.4) was a special case of (4.10) and assumed 50% mark density and 100% and 50% 

duty cycle for NRZ and RZ, respectively.) 

The average and peak power from Type 1 RB will be 

 RBLRB
PeakAverage

RBLRB SPPSPP = →←= 1
/

1
ˆ . (4.11) 

Owing to the wide-sense stationarity of the Type 1 RB noise process, the average and 

peak power will equate. Thus, Type 1 RB need not be treated differently for mark and 

spaces. The average and peak power of Type 2 RB is 
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 RBLRB
PeakAverage

RBLRB SGLPPSGLPP ββ 22
2

/222
2

ˆ = →←= . (4.12) 

The expression in (4.12) specifically refers to the peak power of a mark. The peak 

power of Type 2 RB over spaces is scaled by 1/ER.  

Combining the average powers of the signal (4.9) and noise terms (4.11) and 

(4.12) gives the OSNRRB in a CLS-PON 
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Physically, OSNRRB will be the careful balancing between total span loss, ONU gain, 

and ER (through β). By inspection, one finds that while the signal power will grows 

linearly with ONU gain, Type 2 RB will grow quadratically with gain implying that G 

must be chosen carefully to avoid excess penalties from the faster growing Type 2 RB. 

To calculate Q, the mark and space peak power and variance must be 

determined. By following the signal path, the peak mark and space power are 
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Using (4.9), (4.11) and (4.12) and assuming signal-RB dominated performance, the 

variances become 

 
( ) ( )( )

( ) ( )( )RBLRBRBRBLRBRBD

RBsRBRBRBsRBRBD

SGLPGSLPR

PPPPR

βαηαη

αηαησ
342

22
22

11
2

222111
22

1

1212

ˆˆ12ˆˆ12

−+−=

−+−=
. (4.16) 



 

 

107 

 

( ) ( )

( ) ( )







 −+−=










 −+−=

2

342
22

22
112

2
22211122

0

1212

ˆˆ12ˆˆ12

ER

SGLP

ER

GSLP
R

ER

PP

ER

PP
R

RBLRBRBRBLRBRB
D

RBsRBRBRBsRBRB
D

βαηαη

αηαησ
. (4.17) 

where ηRB1 and ηRB2 correspond to the copolarization of the signal with the RB noise 

component (1/3 < ηRB < 2/3).  The term (1-α) is the total un-rejected signal-RB beat 

noise and represents the reduction of the RB noise caused by DC blocking and low 

pass filtering.  

Plugging (4.14)-(4.17) into (2.24) yields 
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This is the generalized expression for the Q-factor of an intensity modulated signal in 

a CLS-PON corrupted by beating between the signal and Type 1 and Type 2 RB. All 

relevant network parameters are accounted for including span loss, ONU gain, ER, 

Rayleigh return loss, degree of polarization and RB noise rejection in the receiver 

electronics (due to DC blocking and low pass filtering).   

 The optimal gain, Gopt, which maximizes the Q can be found by taking the first 

derivative of (4.18) with respect to G. That is  
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Fig. 4.18. Optimal gain at the ONU, Gopt, as a function of filtering 
of Type 1 and Type2 RB for infinite ER NRZ. 

 

In general, Gopt cannot be solved in closed form. However, if ER is assumed to be 

large (i.e. ER > 10 dB), the impact of signal-RB beating on zeros becomes 

exceedingly small and can thus be ignored. In the limit that ER→∞, (4.19) can be 

solved to be 
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Equation (4.20) shows that the optimal gain can be determined simply by knowing the 

span loss, peak to average power ratio of the modulation, the ratio of the 

copolarization of Type 1 and Type 2 RB and the ratio of the relative rejection of the 

signal-RB1 beat noise and the signal-RB2 beat in the receiver. In Fig. 4.18, a contour 

plot shows Gopt*L (in dB) as a function of αRB1 and αRB2 for infinite ER (i.e. β = 0.5) 

NRZ where it is assumed that ηRB1 = ηRB2.  The positive contours indicate that the 

ONU gain optimizes when Gopt > 1/L while negative values indicate Gopt < 1/L. In [9] 
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Fujiwara et al.calculated the special case for Gopt in which receiver filtering (both low 

and high frequency), degree of polarization, duty cycle and ER were neglected and 

showed that Gopt = L + 1.5 dB. This special case result is confirmed by plugging these 

values into (4.20). As a general trend, as αRB1 increases, Gopt decreases.  This trend is 

physically explained by the fact that as Type 1 RB decreases in its impact on the Q-

factor, Type 2 RB begins to totally dominate reception. Since Type 2 RB grows with 

G2, Gopt will tend to optimize for smaller values. In the limit that ER→∞ and αRB1→1, 

Gopt→0 and σ1→0. This extreme case, however, is unphysical since the resulting Q-

factor appears optimize for extremely lossy ONU blocks (i.e. G<<1). In reality, if 

G<<1, electrical noise terms from the receiver will begin to become dominate the Q-

factor since the CO receiver will be detecting very low power levels on the order of 

the receiver sensitivity. Under normal operating conditions, such extreme cases do not 

occur because αRB1 and αRB2 tend to be similar in magnitude. Nevertheless, (4.20) and 

Fig. 4.18 provide important insight into the various forces governing the optimal 

design of CLS-PON under a multitude of operating conditions.     

4.5.5  Example 1: Optimal NRZ Performance            

 With results in Section 4.5.4, it is possible to design the link for optimal 

performance. In order to narrow the design space, it will be assumed that R = 10 Gb/s, 

fLFC = 10 MHz and fHFC = 7.5 GHz. These values are justified empirically based on 

previous experimental results.  Since the effects of line coding are beyond the scope of 

this model, they will be ignored. Suffice it to say that if line coding is implemented,  
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Fig. 4.19. Q performance in a CLS-PON as a function of ONU gain 
and span loss. (a) ER = infinity. (b) ER = 10 dB. 

 

baseline wander effects caused by the DC block will become negligible thereby 

reinforcing assumption #2 in Section 4.5.1.  

 First, infinite ER NRZ is studied for a CW laser linewidth of 3 MHz. 

Calculation of (4.8) gives αRB1= 0.46 and αRB2 = 0.27. Plugging these values into 

(4.18) and calculating Q as a function of G and L, the contour plot in Fig. 4.19a is 

obtained. As can be seen, the solid load line plotted using (4.20) coincides with the 

numerically determined optimal gain, thus validating (4.20) for ER→∞. From Fig. 

4.19a, a RB dominated CLS-PON can extend to a reach of approximately 77 km for a 

Q = 15.5 dB (i.e. BER = 10-9). If receiver filtering effects had not been accounted for 

(i.e. α = 0), RB limited distance is calculated to be about 65 km.  

 When realistic ER is included, PON performance degrades. Finite ER affects 

CLS-PON link design in two significant ways.  First, a reduction in the ER reduces the 

distance between average mark and average space level thus reducing Q. More  
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Fig. 4.20. Maximum reach and optimal ONU gain of a CLS-PON 
for NRZ as a function of ER. Target BER = 10-9.  

 

covertly, however, is that as the ER changes, so does the PSD of the signal and Type 2 

RB as witnessed through (4.3) and (4.19). Considering the fact that ONU budgeting is 

often constrained such that optimal performance is traded for reduced cost, the impact 

of finite ER modulation is a fundamental concern.  

 The effect of finite ER on maximum CLS-PON reach is demonstrated in Fig. 

4.19b and Fig. 4.20. By inspecting the load lines in Fig. 4.19b, it is shown that use of 

(4.20) to predict Gopt for non-ideal ER deviates only slightly (< 1 dB) from the 

numerically determined optimal gain. This is reasonable since the contribution of 

space variance to the optimal gain calculation is quite small, even for finite ER. It was 

independently verified that even if ER = 3 dB, the error between the exact and 

approximate calculation of Gopt is less than 1 dB confirming use of (4.20) for all 

relevant cases, regardless of ER.  

In analyzing Fig. 4.19b it is evident that optimal reach extends to about 66 km. 

If the effects of DC blocking and low pass filtering of RB at the receiver are not  
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Fig. 4.21. Maximum reach and optimal ONU gain of a CLS-PON 
for RZ as a function of ER. Target BER = 10-9.  
 

included in the calculation, optimal reach is limited to about 54 km. This results in a 

22% penalty if the rigorous frequency characteristics of RB are not neglected. This 

error in the calculation when filtering effects are ignored increases further such that 

below an ER of 6 dB, error exceeds 40%!     

4.5.6  Example 2: Optimal 50% RZ Performance            

 A common theme throughout Chapter 2, 3 and 4 has been that broader 

modulation formats tend to outperform spectrally narrow formats when corrupted by 

in-band optical crosstalk since more beat noise lies outside the cutoff of the low pass 

receiver electronics. Therefore, one can properly conclude that in a CLS-PON, RZ 

should outperform NRZ modulation. Since the noise model described in this section 

generalizes to include the impact of duty cycle in the noise modeling, the performance 

50% RZ is now calculated. 

 The maximum transmittable distance for a CLS-PON with RZ modulation is 

plotted in Fig. 4.21 versus ER. Just as with NRZ, ER has a strong influence both on 
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achievable distance and on the optimal gain at the ONU. In this case one finds that 

neglecting the impact of receiver filtering has a much greater impact on the achievable 

distance. When the effect of beat noise filtering is not included in the calculation, 

maximum distance is limited to about 73 km for very large ER. When filtering effects 

are included, CLS-PON distance exceeds 93 km representing an improvement of 27%. 

As ER reduces to non-ideal levels, this discrepancy increases. For example, at 10 dB, 

the error is 36%. Below 6 dB ER, error exceeds 53%! 

4.6  Conclusion 

In summary, it has been demonstrated both experimentally and theoretically 

than the low frequency characteristics of the receiver can have a strong influence on 

the ability to mitigate penalties from in-band RB crosstalk. It was demonstrated 

experimentally that coherent crosstalk penalties can be reduced several dB using 

properly implemented DC blocks; both for NRZ and RZ modulation. These sensitivity 

improvements were then applied in the context of a generalized noise model for the 

CLS-PON corrupted by Type 1 and Type 2 RB. By accounting for all the critical 

system parameters including ONU gain, span loss, ER, duty cycle, mark density, ∆ν, 

fLFC, fHFC and co-polarization factor, it was demonstrated that a rigorous treatment of 

RB characteristics is necessary to predict the ultimate performance in a CLS-PON. 

Depending on exact system parameters, it was shown that errors exceeding 53% in 

predicted PON length will be expected if receiver filtering (both DC and high 

frequency) is neglected. However, it was also demonstrated that if the CLS-PON is 

designed properly, single span length can reach up to 80 km for 10 dB ER RZ using a 
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proper combination of ONU gain and receiver filtering. Most importantly, no 

additional expensive hardware or processing is needed to accomplish this reach thus 

satisfying the stringent economic limitations of PON design.  
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5. Bistability and Cascadable Logic 
Inversion in a 1550 nm VCSEL 
 
 An underlying assumption throughout this thesis is that the optical 

transmission channel is linear.  That is to say, the signal input/output (I/O) relationship 

can be conveniently modeled using linear operators.  Thus, propagation and filtering 

effects are easily represented, for example, by invoking the principle of convolution.   

More importantly, the accumulation of noise has been assumed to obey superposition 

laws in the sense that the total noise in the system is modeled by the independent 

summation of independent noise sources.  This assumption does not hold for a variety 

of situations.  For example, if the launched power into the fiber increases above a 

certain threshold, certain nonlinearities such as SPM, XPM, FPM, SBS and stimulate 

Raman scattering (SRS) will begin to impair signal propagation [1, 2].  The prediction 

and modeling of these complex photonic interactions requires sophisticated techniques 

beyond the scope of this work. 

 Another important area where system linearity is violated is in regenerative 

systems.  The concept of signal regeneration is implicit in modern computing.  

Because modern transistors possess highly nonlinear I/O characteristics, it is possible 

to cascade unfathomable numbers of transistors on a single chip without incurring bit 

errors.  This immense computing capability is made possible by the fact that the 
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transistors inhibit electrical noise accumulation through the process of signal 

regeneration.  Therefore, the nonlinear response of the system to noise guarantees 

error-free operation for the entire lifetime of the chip [3].  Because optics cannot 

provide commensurate processing power, it is no wonder that the processing core of 

modern optical networks continues to reside in the OEO network nodes where 

electronic hardware provides all necessary routing intelligence.   

 These facts motivate several important questions: Is it possible to circumvent 

electronic signal processing in optical data networks and replace it with optical signal 

processing?  Can the intelligence of the network reside in the optical domain?  Which 

technologies, if any, provide the necessary regenerative aspects of digital computing 

such that all optical signal processing can be realized?  Although the inevitable 

progress of photonics technology promises that optical information processing (OIP) 

will one day replace the costly and burdensome electronics in optical networks, the 

means by which to make this possible is yet unclear.    

 In this chapter, it is demonstrated that 1550 nm VCSEL technology may be a 

promising candidate for future OIP systems.  While VCSEL technology has been 

extensively studied previously for OIP applications in the 850 nm wavelength band, 

the work in this chapter describes recent advancements in 1550 nm VCSEL OIP 

technology.  The nonlinear characteristics of 1550 nm VCSELs are studied and novel 

nonlinear responses are measured for the first time.  The nonlinear behavior of the 

device is then utilized to build a fully cascadable all optical inverter. These 
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experimental demonstrations represent the first major steps in the devlopment of 1550 

nm VCSEL technology for OIP applications.   

5.1  Bistability in 1550 nm VCSELs 

5.1.1  Introduction 

All-optical Boolean logic has been a heavily researched topic for several 

decades due to its potential impact in OIP including areas such as optical signal 

processing (OSP), optical computing, and optical packet switching [4-6].  Although a 

multitude of techniques exist which achieve OIP including XGM and XPM in 

semiconductor optical amplifiers (SOA) [7], four wave mixing (FWM) in highly 

nonlinear fiber [8], intensity bistability in Fabry-Perot laser amplifiers (FPLA) [9, 10] 

and polarization bistability in VCSEL [11], no clear technology candidate has 

emerged for large-scale OIP because of shortcomings in terms of speed, power, size, 

large scale integrability and cost of logic elements.  Over recent years, intensity 

bistable VCSOAs7 have received interest for applications in OSP at 850 nm [12-16].  

Owing to their gain and highly nonlinear resonant structure, 850 nm VCSOAs have 

been shown to achieve critical functionalities such as re-amplification and reshaping 

(2R) [13], optical inversion [17], self-sustained ring oscillation [18] and optical flip-

flop [19, 20]  Most importantly, as a mature technology platform, 850 nm VCSOAs 

offer an excellent tradeoff in terms of speed, power, size, integrability, and cost.   

Contrastingly, work in 1550 nm VCSOAs is still nascent as a result of the greater 

                                                 
7 A VCSOA is a VCSEL which is biased below threshold in order to be used as a resonant optical 
amplifier. 
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difficulty in fabricating 1550 nm VCSELs. Nevertheless, VCSEL/VCSOA research is 

ongoing in the telecom band for its potential economic impact [21]. 

Recently, Hurtado et al. [22] observed optical bistability in 1550 nm VCSOAs.  

The operating conditions necessary to achieve bistable switching were stringent with 

large switching power of 150 µW for counterclockwise and 600 µW for clockwise 

bistability.  The narrow operating range is explained, among other factors, by the large 

insertion loss (20 dB) suffered when coupling into and out of the device.  In order to 

compete with alternative technologies and to justify the use of bistable VCSOAs in 

commercial telecom applications, the switching power must be reduced.  In this 

section, optical bistability is experimentally observed using commercially available, 

fiber pigtailed 1550 nm VCSOAs with switching powers as low as 2 µW, two orders 

of magnitude smaller than previously reported and comparable to that of 850 nm 

devices.  Moreover, it is observed for the first that VCSOAs exhibit all three types of 

bistability: counterclockwise, clockwise, and butterfly.  A physically intuitive 

explanation for the existence of the various forms of bistablity in reflection mode 

VCSOAs is developed.  All three types of bistability are observed experimentally by 

changing either the current bias of the device or the injected wavelength into the 

device.  It is found that optical bistability is readily achievable for a wide range of bias 

currents and wavelength detuning.  These results help substantiate the claim that 

VCSOAs can be a key technology for future OIP applications at 1550 nm. 

 

 



 

 

121 

5.1.2  Theory 

Optical bistability is the ability of a device to operate in two stable states, 

depending on the input history.  When light is injected into the active resonant cavity 

carriers are consumed, resulting in gain through the process of stimulated emission.  

The accompanying drop in the carrier concentration leads to an increase in the 

refractive index of the cavity.  This refractive index change, in turn, leads to a red-shift 

in the peak resonant wavelength of the cavity.  When the injected light is detuned 

toward the long wavelength side of the gain window, carrier depletion shifts the cavity 

resonance toward the injected wavelength causing positive feedback. The combination 

of this dispersive non-linearity and gain saturation within the cavity leads to a 

counterclockwise bistability in the transmitted intensity [6]. 

Whereas transmission mode devices only exhibit counterclockwise bistability, 

it has been known for some time that dispersive bistable laser diodes operated in 

reflection mode also exhibit two additional forms of bistability known as butterfly and 

clockwise bistability [4, 10].  Butterfly and clockwise bistability are manifested 

through the careful balance between the incoming and outgoing intensities in the laser 

amplifier cavity [4, 9, 10, 22, 23]. 

       Physical insight into the existence of butterfly and clockwise bistability is 

gained when one considers that, in steady state, incoming and outgoing intensities 

must equate [9] as described by: 

 transavinref IIgLII −⋅+= . (5.1)  
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here Iin is the input intensity, Iav is the average intensity inside the cavity, gL is the 

single pass gain, and Itrans is the transmitted intensity.  Effectively, the total intensity 

outside the cavity through Iref and Itrans must equal the total intensity inside the cavity 

(Iin and gL*Iav).  As stated above, dispersive nonlinearity and gain saturation always 

combine to cause counterclockwise bistability for Itrans.  Since Iin is a linear term, the 

behavior of Iref can ultimately be understood by determining gL*Iav and solving (5.1).   

Solutions to (5.1) are illustrated in Fig. 5.1 to demonstrate how both 

counterclockwise and clockwise bistability can arise by making the simple assumption 

that gL*Iav exhibits counterclockwise bistability.  Physical insight into this complex 

balancing of the terms in (5.1) can be garnered when one considers two extremes of 

operation: first when the current bias is high (e.g. ~99% of threshold) and the 

wavelength detuning is small and second when current bias is reduced (e.g. ~90% of 

threshold) and wavelength detuning is large.  As depicted by the solid lines in Fig. 5.1, 

at high values of bias and low values of detuning, the second term in (5.1) dominates 

due to larger gain, and the reflected intensity, Iref, mimics the S shaped 

counterclockwise solution of gL*Iav.  As the bias is reduced and the detuning is 

increased (depicted by the dotted lines), the bistable functional form of Itrans grows 

larger than gL*Iav due to reduced gain and thus begins to dominate the right side of 

(5.1).  By summing the S-shaped Itrans and gL*Iav terms and the linear Iin term, Fig. 5.1 

shows that Iref results in a clockwise hysteresis loop (dashed black curve).  During the 

transition region between counterclockwise and clockwise bistability, when gL*Iav and  
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Fig. 5.1. Illustration of (5.1) explaining the existence of clockwise 
bistability in reflection mode VCSOAs.  Solid curves represent 
higher bias-lower detuning case which generates counterclockwise 
hysteresis in Iref.  Dotted curves represent lower bias-higher 
detuning case which generates clockwise hysteresis in I ref.  The 
transition between these two regimes generates butterfly hysteresis.  
 

Itrans are of comparable magnitude, Iref exhibits butterfly bistability in which 

both discontinuous transitions fall from higher to lower powers. 

It is worth noting that while Itrans will always exhibit counterclockwise 

bistability though the effects of dispersive nonlinearity and gain saturation, it is not 

generally true that gL*Iav is always counterclockwise bistable.  As was shown in [23], 

gL*I av can also exhibit butterfly and clockwise bistability (see Fig. 5 in [23]).  

Nevertheless, this fact does not distract from the physical interpretation above that it is 

the careful balancing of (5.1) which yields the complex bistability curves observed in 

the reflected intensity. 
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Fig. 5.2. Experimental Setup to study bistabilty in 1550 nm 
VCSOA. 

 

5.1.3  Experimental Setup 

The fiber-coupled experimental setup used to study the bistable switching 

properties of our 1550 nm devices is shown in Fig. 5.2.  A single mode 1550 nm fiber 

pigtailed VCSEL from Raycan (Korea) was used for the demonstration.  The VCSEL 

had a threshold current, Ith, of 1.99 mA, a peak gain of about 11 dB for an optical input 

of 1 µW at a wavelength of 1542.290 nm on the stronger gain axis, and a peak gain of 

about 7 dB for the weaker gain axis for an input of 1 µW and a wavelength of 

1542.830 nm.  The gain windows were approximately 8 GHz wide for an input of 1 

µW and around 12 GHz wide for an input of 10 µW.  This intensity dependent gain 

window bandwidth is consistent with previous work with 850 nm VCSOAs [13, 16]. 

Tunable laser light is first intensity modulated using a MZM driven by a 50 

kHz sawtooth wave.  This allows for real-time plotting of the I/O characteristics of the 

VCSOA by using the processing functionalities of the digital communication analyzer 
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(DCA) sampling scope.  After the MZM, the injected light is aligned in polarization to 

the strong gain axis of the VCSOA via a POLC1.  The light is then injected into a fiber 

coupled 1550 nm VCSOA via a circulator.  The VCSOA output is passed back 

through the circulator and then through POLC2 and a PBS.  The PBS helps facilitate 

polarization alignment to the stronger gain axis of the VCSOA and rejects the ASE in 

the polarization orthogonal to the signal.  The I/O are plotted on the sampling scope.  

The current source (CS), temperature controller (TC), power meter and OSA are used 

to carefully control and monitor VCSOA bias current, Ibias, temperature, input optical 

power and polarization alignment, respectively.   

 

5.1.4  Results 

As described above, Fabry-Perot bistability theory predicts that, for a given 

bias current, counterclockwise bistability will onset first as the input wavelength is 

red-shifted with respect to the amplifiers peak resonant wavelength.  Upon further 

detuning, the I/O characteristics will transition to butterfly and then clockwise 

bistability.  Experimental observation of this transition can be seen Fig. 5.3. Clearly, at 

larger detuning butterfly and clockwise bistability can be obtained at the expense of 

higher switching powers and wider hysteresis windows.   

In a similar fashion, the transition between all three bistable regimes can be 

observed if the wavelength detuning is kept constant and the bias current is swept as 

shown in Fig. 5.4.  Physically, as the bias current is decreased, the resonant peak of the 

amplifier blue shifts.  This effectively causes the wavelength detuning to increase 
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thereby resulting in butterfly and clockwise bistability.  Consistent with Fig. 5.3, Fig. 

5.4 shows that counterclockwise bistability has the lowest switching powers and 

narrowest hysteresis windows.   

       Since it is desirable in signal processing applications to have minimal power 

dissipation per gate, the next step is to find the minimum bistable switching power 

achievable in our device.   In Fig. 5.5, counterclockwise bistability is plotted as a 

function of wavelength detuning for a fixed bias current of 0.99*Ith.  Again, as the 

detuning is swept towards longer wavelengths, the bistable switching power shifts 

towards higher values and the overall widths of the hysteresis windows increases.  

Most importantly, it is found that a minimum switching power of 2 µW can be 

obtained for a wavelength detuning of 27 pm.  This minimum power is limited mainly 

by the internal noise floor of  

 

Fig. 5.3. All three types of bistability in a 1550 nm VCSOA for 
constant Ibias = 0.96*Ith.  Wavelength detuning is swept towards 
longer wavelengths.  A is for no bistability.  B is counterclockwise 
bistability.  C is butterfly bistability.  D is clockwise bistability.   
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Fig. 5.4. All three types of bistability for constant wavelength 
1542.354 nm .  Ith is swept.  99% Ibias shows counterclockwise 
bistability.  94% I th shows butterfly bistability.  91% Ith shows 
clockwise bistability.    

   

the DCA detector and may be an overly conservative value.  Compared to previously 

published results on 1550 nm VCSOA [22], 2 µW represents a two order of magnitude 

improvement in minimum possible switching power.  This improvement is mainly 

attributed to the fact that the fiber pigtailed VCSOA has significantly better I/O 

coupling compared to the free space coupling losses present in previous studies.  It is 

estimated that the coupling losses are about 3 dB, yielding a 17 dB improvement over 

that used in [22].  For this reason, it is evident that sound packaging and integration 

methods must be developed to minimize I/O coupling losses for future VCSOA-based 

OIP.  This demonstrated µW level switching is readily achievable and represents an 

important advantage of VCSOAs over traveling wave SOA optical logic technologies 

based on XGM and XPM [7].   

It was recently shown that polarization bistability in VCSELs can achieve 

switching powers on the order of 100 nW [11] for a 100 MHz switching frequency.  
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While such a low switching power is advantageous, it was also shown that the 

required switching power increased with increasing switching frequency (~80 µW 

peak power for 10 GHz) owing to the narrow sensitivity region of the wavelength 

detuning characteristics [11].  Since polarization bistabilty is also known to be 

susceptible to self-heating effects [24, 25], it can be argued that dispersive bistability 

in VCSOAs may offer a viable alternative for OIP applications.  Furthermore, it is 

believed that a future optimization of the VCSOA device structure may further reduce 

the switching power to sub-µW levels.          

       In terms of the bistable sensitivity of our devices to operating conditions, it is 

found that all three forms of bistability manifest over an extremely wide range of bias 

currents and wavelength detuning, limited primarily by the available power in the 

experimental setup.  This contrasts with previously reported results which showed a 

relatively small range of operating conditions to achieve bistable switching [22].  As it 

is shown in Figs. 5.5-5.7, all three forms of bistability exist over tens of pm of 

detuning.  Moreover, the results in [22] showed very narrow hysteresis windows.  This  

improvement is attributed to the improved coupling efficiency of these fiber pigtailed 

devices.  Additional modeling using the technique described in [12] also indicates that 

the existence of bistability in VCSOAs in critically dependent on device properties 

such as top/bottom mirror reflectivity, linewidth enhancement factor, cavity 

confinement and overall gain. These factors may further explain why the tested 

devices exhibit much stronger bistability.  The measurements show counterclockwise 

bistability visible from 83% Ith to 122% Ith, butterfly bistability from 81% Ith to 114%  
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Fig. 5.5. Counterclockwise Bistability for 0.99*Ith. 
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Fig. 5.6. Butterfly Bistability for 0.99*I th. 
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Fig. 5.7. Clockwise Bistability for 0.89*Ith. 

Ith, and clockwise bistability from 66% Ith to 108% Ith where the upper end of the 

bistability for clockwise and butterfly bistability is limited by the available input 

power of the setup.  Hysteresis windows as large as 119 µW (54-173 µW) for 

counterclockwise and 164 µW (89-253 µW) for clockwise bistability are also 

observed, limited only by the available input power of the system.  The robustness and 

flexibility of these devices to exhibit bistable behavior over a wide range of operating 
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conditions is of practical interest for possible future applications and will be discussed 

further in Section 5.2.    

5.1.5  Conclusion 

This section has dealt with the first ever observation of all three types of 

bistability in VCSOAs.  It has been shown that the onset of bistable action occurs at 

thresholds as low as 2 µW which is more than two orders of magnitude smaller than 

any previously reported observation in 1550 nm VCSOAs.  The significance of 

achieving low switching thresholds is of practical concern for applications in all-

optical signal processing.  It has also been shown that all three forms of bistability 

occur over a wide range of operating conditions indicating that these devices may 

offer great flexibility for future applications.   

5.2  Cascadable 1550 nm VCSEL Inverter 

5.2.1  Introduction 

From Section 5.1, it was rigorously demonstrated that commercially available 

1550 nm VCSELs can exhibit large nonlinear responses.  While the observation of all 

three forms of reflective bistability is scientifically interesting from a device 

perspective, the ultimate goal is to use these devices for practical, optical computing 

purposes.  In particular, it is important to describe and predict how a single VCSEL 

logic element might behave in a larger system.   

 In order to build towards this greater goal of large scale optical signal 

processing systems, it must first be proven that 1550 nm VCSEL technology can be 

used as a fundamental building block in an actual communications setup.  In this 
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section, the large nonlinearity of the VCSELs is exploited to create the fundamental 

building block of all digital communications (electrical or optical): the inverter8.  

optical processing logic.   

A critical, and often overlooked, impediment towards the large-scale 

development of OIP systems is the necessity for cascadable operation. A logic gate is 

said to be cascadable as long as it satisfies two criteria: first that it possesses an 

input/output transfer characteristic (TC) with positive noise margins (NM), and second 

that it can provide logic level regeneration [26]. The requirement of positive noise 

margins ensures that unwanted noise fluctuations do not cause logic level errors 

between consecutive logic elements. The second requirement, that the gate can 

provide signal regeneration, ensures that any pathological signal will converge back to 

a stable operating point after propagation through several gate elements. Provided that 

these two necessary conditions are met, it is possible to then analyze the overall noise 

immunity to determine the systems ability to operate error-free in the presence of all 

available noise sources [3]. The concept of noise immunity specifically refers to 

system level considerations and is beyond the scope of this study.  

The primary goal of Section 5.2 is to demonstrate the feasibility of a novel 

optical inverter gate based on 1550 nm VCSEL technology which simultaneously 

achieves positive NM and logic regeneration. The proposed scheme takes advantage 

of XGM and dispersive bistability [27] in an injection locked 1550 nm VCSEL. A 

discussion the operating principle behind the inverter is offered and measurements of 

                                                 
8 An inverter performs the Boolean  “NOT” operation.  Thus, an input HIGH becomes and output LOW 
and an input LOW becomes an output HIGH. 
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noise margin (NM), frequency response and output extinction ratio (ER) reveal that 

positive NM and ER regeneration are possible up to 2.5 Gb/s using a commercially 

available, non-optimized device. BER measurements confirm that error-less 

performance can be achieved with sensitivity penalties of 0 and 1.4 dB for 1 Gb/s and 

2.5 Gb/s inversion, respectively. The various design and optimization tradeoffs are 

discussed along with future implications towards the realization of OIP systems using 

VCSOA/VCSEL logic technology.   

5.2.2  Principle of Operation 

At a given bias current, a VCSEL typically lases in a linear polarization 

determined by the crystal axes of the semiconductor. Birefringence splits the emission 

frequencies of the two polarizations, and one polarization (the lasing polarization, or 

LP) typically dominates as depicted in Fig. 5.8a [28]. Although light emission in the 

linearly polarized orthogonal fundamental transverse mode (deemed the orthogonal 

polarization, or OP) is suppressed, external light injected into the OP gain window can 

be amplified. Pan et al. showed that the output polarization can be bistably switched to 

the OP if OP light is injected into the VCSEL cavity [29]. Use is made of this 

polarization switching for inversion as shown in Fig. 5.8b and Fig. 5.8c. First, CW 

light is injected into OP as depicted in Fig. 5.8b. Under this condition, the VCSEL 

injection locks to the OP mode and the LP mode is suppressed. The injection of OP 

light serves two purposes: the injected light biases the device near the switching point 

between the two polarization modes and the increased photon density decreases the 

carrier recombination lifetime.   



 

 

133 

 

 

Fig. 5.8. Principle of operation for an above threshold VCSEL 
inverter. (a) Under no external injection (i.e. free-running), the 
VCSEL lases in LP mode and the OP region acts as a gain window. 
(b) CW light injection locks the VCSEL to the OP mode, similar to 
that described in [29]. (c) The output power of the injection locked 
OP mode is modulated through XGM by a second light injected 
into the LP gain window. The injection locked OP light varies 
inversely with the modulated LP signal.   
 

The injection locked OP mode acts as the output of the inverter. When no light 

is injected into the LP (input = Low), the output OP light is at a maximum (output = 

High).  However, if light is injected into the LP gain window (input = High), as shown 

in Fig. 5.8c, carriers are depleted within the laser gain region causing the OP light to 

become a logic Low. The transfer characteristic of this inverter scheme depends on the 

relative frequency detuning and power of the two injected fields, the bias current and 

the temperature.   

5.2.3  Experimental Setup 

To study the inverter scheme described in Fig. 5.8, a commercially available 

(Raycan, Korea) 1550 nm fiber pigtailed VCSEL was used.  This VCSEL was similar 

in operation to the device studied in Section 5.1. The VCSEL had a threshold current  
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Fig. 5.9. Experimental setup to study VCSEL inverter.  

(Ith) of 2 mA at a temperature of 21oC and exhibited gain window separation of 

approximately 500 pm between OP and LP.  The maximum small signal gain of the 

amplifier biased at 1.98 mA was 12 dB for the LP window and 11 dB for the OP 

window.     

The experimental setup used to characterize the performance of the above 

threshold 1550 nm VCSEL inverter is described in Fig. 5.9.  Two tunable lasers are 

used for LP and OP light injection.  For convenience, the modulated LP injection light 

will be referred to henceforth as signal light or optical signal and the CW OP injection 

light will be referred to as the bias light or optical bias.  The inverted output signal 

will be referred to as the output light or output inverted signal.  The wavelengths of the 

lasers are carefully monitored by a wavelength meter (λ Meter).  The signal light 

passes through a high speed Mach Zehnder modulator (MZM) modulated by either a 

NRZ PRBS pattern for BER measurement or a low frequency saw-tooth waveform for 

transfer curve measurement. The VOA, POLC, power meters (PM), PBS and OSA are 

used to adjust the injected powers into the LP and OP and to align the light along the 

principle states of polarization of the VCSEL.  The injected bias current (Ibias) is  
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Fig. 5.10.  (a) Inverter transfer curves for various bias currents.  
(b-e) Graphical calculation of noise margin using MPC.     
 

adjusted with the current source (CS) and the temperature is stabilized to 21oC with a 

temperature controller (TC in Fig. 5.9). Depending on the parameter being measured, 

the inverted output is either monitored on a DCA sampling scope or is passed to an 

optical-to-electrical receiver for BER analysis.     

5.2.4  Noise Margins and the Largest Square Method 

Using the saw-tooth modulation shown in Fig. 5.9 in conjunction with the real-

time processing capability of the DCA sampling scope, the input-output response of 

the VCSEL inverter is measured. Figure 5.10a shows the inverter transfer 

characteristic for four bias currents. Operating conditions were experimentally 

determined by simultaneously maximizing output extinction ratio and minimizing 

injected power. The nonlinear (bistable) TC of the inverter clearly steepens as the bias 
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current in increased.  Moreover, increasing bias current causes increased output power 

at the expense of higher switching power. For sufficiently high bias current, the output 

power exceeds the switching power and positive NM is possible. By adopting the 

graphical procedure in [30, 31], and scaling the vertical axis (since output High is 

larger than is required), Fig. 5.10b-e show the calculated NM using the maximum 

product criteria (MPC). Although various figures of merit have been proposed to 

quantify the noise margin, the maximum product criteria (MPC) is the best graphical 

technique for static noise margin measurements based on its applicability for many 

different logic families [30].   Above about 2*Ith, positive NM is achieved as evident 

by the depicted rectangles in Fig. 5.10d and Fig. 5.10e.  Below this value, the transfer 

characteristics do not yield closed loops meaning positive NM cannot be achieved, 

thereby precluding cascadability.   

5.2.5  Speed 

It is known that strong optical injection into a directly modulated VCSEL 

device results in a considerable modulation bandwidth enhancement [32]. The 

physical explanation for the bandwidth enhancement is that the carrier lifetime inside 

the laser cavity is reduced for higher optical intensities inside the cavity.  Recently, it 

was shown that XGM in VCSOA devices are also limited by carrier lifetime effects 

[33].  Thus, it is reasonable that driving the VCSEL with higher bias current and/or 

injecting higher optical power should improve the achievable bandwidth of the 

inverter.   
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In order to study the effect of bias current and injected power on the speed of 

the inverter, the experimental setup was altered slightly as shown in Fig. 5.11a.  For 

speed measurements, the MZM is replaced in Fig. 5.9 with an Agilent 8703A 

Lightwave Component Analyzer (LCA).  The optical-optical frequency response 

capability was used which measured of the small signal frequency response of the 

inverted output signal for swept values of sinusoidally modulated input signal light.  

All other features of the experimental setup were the same except that the internal 

modulator of the LCA was used to produce the swept sinusoidal modulation.  The 

inverted output light was then fed back into the LCA input port to measure the 

calibrated frequency response of the inversion process.       

As is shown in Fig. 5.11b, the frequency response of the inversion process 

through XGM is greatly enhanced with increasing bias current and optical injection 

power.  Below threshold, the inverter 3 dB bandwidth is 2.05 GHz.  This value is 

consistent with the  carrier lifetime-limited speed of 2.5 GHz predicted in [33].  Above 

threshold, higher optical intensities inside the cavity result in larger modulation 

bandwidths similar to directly modulated VCSELs under high optical injection. For 

the largest bias current measured, the inverted signal 3 dB bandwidth reached 6.65 

GHz representing better than 3.5 times improvement over the below threshold 

inverter. Moreover, by increasing the bias power (Pbias) for fixed current bias, it was 

also possible to improve the speed of the inverter.  For example, a 1.8 dB increase in 

optical bias power (-12.85 dBm to -11.05 dBm) increased the 3 dB bandwidth of the 

inverter by 530 MHz (5.77 GHz to 6.3 GHz) at a current bias of 5 mA. Unfortunately,  
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(a) 

 

(b) 

Fig. 5.11. (a) Experimental setup for frequency response 
measurement. (b) Frequency response curves for various bias 
currents. 
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Fig. 5.12.  ER regeneration for various bias currents.  Points above 
the ERin = ERout boundary result in ER regeneration, points below 
result in ER degradation. Solid marks represent 1 Gb/s values.  
Empty marks represent 2.5 Gb/s values. 

 

this faster device response must necessarily be traded for increased optical bias power. 

Moreover, it was found that increasing the optical bias reduced the output ER of the 

inverted signal. Therefore, one must be prudent when attempting to improve the 

frequency response with higher input powers since power and ER limitations must be 

considered. In general, results of Fig. 5.11b indicate that some amount of speed 

improvement can be expected using this inverter scheme as compared to the below 

threshold analog previously studied [17] . 

5.2.6  Cascadability and BER 

Having determined the noise margin and speed characteristics of the inverter, 

the regenerative properties are now verified. The regeneration property corresponds to 

the impact the inverter has on the ER of the input signal.  In principle, if the ERout is  
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Fig. 5.13.  BER curves showing input signal performance versus 
inverter signal performance. Accompanying eye diagrams for the 
2.5 Gb/s curves demonstrating slight ER improvement.    

   
Fig. 5.14.  Bit pattern showing data inversion for 2.5 Gb/s. 

larger than the ERin, then the gate can provide the necessary signal regeneration for 

any pathological signal propagating through the OSP circuit.    

ER regeneration is demonstrated by plotting the inverted output extinction 

ratio of the device versus the ER of the input signal as shown in Fig. 5.12.  It is 

evident that the input ER has a strong influence on the ERout and only at high bias 

current (> 5 mA) can the ER of the inverted signal be restored.  Data rate also plays an 

important role in the regenerative properties of the inverter. Consider the comparison 

between 1 Gb/s and 2.5 Gb/s signals for the 8 mA bias current.  At 1 Gb/s (solid 
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squares) ER regeneration is possible whenever ERin < 8dB.  At 2.5 Gb/s (empty 

squares), the ERout is only marginally improved for ERin < 6 dB.  This data rate 

dependence is caused by the finite response time of the device and limits cascadable 

operation above 2.5 Gb/s with the VCSELs used in this experiment. 

Finally, the BER of the inverted signal compared to the input signal under 

conditions where the ERout > ERin is measured. The results for 1 Gb/s and 2.5 Gb/s are 

shown in Fig. 5.13 with the accompanying inverted bit pattern at 2.5 Gb/s in Fig. 5.14.  

As would be expected, the inverted 1 Gb/s signal does not suffer a sensitivity penalty 

because the penalty associated with the filtering effects of the VCSEL is offset by the 

intrinsic ER regeneration of the inversion process.  At 2.5 Gb/s, a small penalty of 1.4 

dB is suffered at a BER of 10-9 because the ER improvement is very small (ERin = 5.9 

dB, ERout = 6.0 dB) and cannot correct for the signal degradation caused by the 

VCSEL itself. Overall however, the simultaneous demonstration of errorless 

performance with small power penalty, positive NM and ER regeneration proves that 

this inverter scheme can achieve cascadable operation at gigabit speed. This 

demonstration is the first of its kind using VCSEL technology at any wavelength. 

5.3 Conclusion 

As it has been shown, the proposed inverter scheme successfully achieves 

cascadable inverter operation up to 2.5 Gb/s using 1550 nm VCSELs based on the 

criterion of positive noise margins and ER regeneration. It is evident that faster, 

cascadable operation can be achieved when the VCSEL is biased further above 

threshold owing to the larger single pass gain.  When compared with other competing 
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technologies such as semiconductor optical amplifiers (SOA) [7], the presented 

VCSEL inverter scheme offers an excellent tradeoff between switching power, speed, 

footprint and potential for large scale integration.  

These results represent an important milestone towards the goal of an 

integrated OIP system at 1550 nm.  It should be pointed out that these results were 

obtained with a commercially available VCSEL and that no device level optimization 

has been conducted for this study.  In light of this fact, it is likely that significant 

improvements in the inverter characteristics can be made in terms of required power, 

speed and ER with future device design iterations.  In support of this assertion, it is 

well known that the optimization of VCSOA device parameters such as top/bottom 

mirror reflectivity differ significantly from that of VCSELs [34].  It is conceivable that 

VCSEL specifications for logic applications contrast greatly with traditional VCSELs 

designed for low threshold lasing.  Additionally, it is noted that 1550 nm VCSEL 

technology is still in an early stage of development.  As it has been demonstrated in 

recent work [17], 850 nm VCSOAs, which are based on more mature technology, 

exhibit superior gain when compared to 1550 nm VCSOAs.  It is believed that the 

inevitable device-level improvements of 1550 nm VCSELs will further advance the 

research area of VCSOA/VCSEL logic technology for applications in OIP in the 

telecommunications band.          
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6. Conclusion 
 
 This thesis has been concerned with the impact of non-traditional noise 

mechanisms in optical systems.  In the Chapters 2 through 4, efforts were made to 

quantify and mitigate the deleterious impact of optical noise caused by distributed 

Rayleigh backscattering in bidirectional fiber optic systems.  Owing to their intrinsic 

capacity doubling, efficient infrastructure use and enhanced nonlinear immunity, it is 

clear that bidirectional signaling systems offer novel solutions to many impending 

problems in future optical networks.  Whether it is incoherent RB in IB links or 

coherent crosstalk in PONs, it has been shown throughout this thesis that linear optical 

crosstalk merits special consideration when designing future optical systems.   

 In a similar fashion, Chapter 5 examined the role of optical noise in the mostly 

unexplored field of digital OSP.  Although the underlying details and applications may 

be starkly different from those of bidirectional systems, digital OSP, and the 

underlying design of such systems, requires careful noise analysis when designing 

robust systems.  By borrowing principles from the well established field of (electrical) 

DSP, it has been demonstrated that current 1550 nm VCSEL technology may offer 

potential for OIP in future systems.  The nonlinear reshaping functionality of the 

VCSEL logic elements allows for inverter concatenation due to positive noise margins 
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and ER regeneration.  These findings represent a first critical step towards the ultimate 

goal of highly integrated OIP technology.   

 As with any scientific contribution, this work has motivated many new 

questions and directions.  In the coming sections, the overall contributions will be 

summarized and suggestions will be offered for future work.   

6.1  Bidirectional Systems 

6.1.1  Contributions 

 Based on the conclusions of Chapters 2 through 4, it is clear that RB plays a 

key role in the optimization of bidirectional systems.  While the contemporary 

approach has been to approximate RB noise spectra [1, 2], the conclusions of this 

thesis have definitively shown that exact performance predictions in the presence of 

RB must include exact spectral characteristics.  While the approximations offer 

experimental and/or mathematical convenience, the rigorous treatment of RB 

elucidates a deeper, more profound impact.  For the case of dense IB links, it has been 

shown repeatedly that a specific modulation format has its own unique performance in 

the presence of RB and that receiver filter design can vary drastically when compared 

with traditional design rules.  In general, incoherent RB limited links warrant 

narrower-than-normal filtering in order to optimize sensitivity.  However, under the 

special case of DB modulation, careful ISI analysis reveals that DB signaling is RB 

noise invariant because of the enhanced ISI immunity.  Of the modulation formats 

studied, DB tends to achieve the most spectrally efficient IB link topologies.       

 Unfortunately, there exist many examples where coherent RB limits 
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performance rendering the design protocols presented in Chapter 2 and 3 inaccurate.  

In these cases, conventional mitigation approaches have sought to broaden the signal 

and/or noise field in order to generate higher frequency beat noise [3-6].  Both costly 

and inefficient from a system design perspective, spectral broadening remains 

impractical in most situations, especially for applications in PONs where additional 

dBs of power margin are a precious commodity.  By contrast, it has been 

demonstrated that proper AC coupling at the receiver significantly reduces coherent 

RB due to the disproportionate amount of low frequency beat noise generated during 

photodetection.  This method proves to be robust and inexpensive and is especially 

applicable in CLS-PON links corrupts by Type 1 and Type 2 RB noise. It was further 

demonstrated using a generalized CLS-PON noise model that the low pass and high 

pass frequency response of the receiver electronics has a critical impact on achievable 

reach. If the rigorous frequency characteristics of the system are not carefully 

considered, errors in predicted reach can exceed 53%.   

6.1.2  Suggestions and Future Directions 

This work was concerned with characterizing the impact of RB noise in terms 

of back-to-back performance so as to determine baseline limitations. In practice, 

performance of the system will depend on the propagation characteristics of the entire 

link. Central to the development of robust bidirectional systems will be the question of 

how best to allocate amplifier technology in the link. Several interesting questions 

arise.  What is the optimal amplification strategy for IB links? What role will 

distributed Raman amplification play? Can power budget asymmetry improve SNR 
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through the use of unidirectional amplifiers? Moreover, how does the presence of 

counter-propagating channels change the amplifier design itself? Based on the results 

of Chapter 4 regarding CLS-PON, it is clear that factors such as span loss and 

amplifier gain play an enormous role in the accumulation of RB in bidirectional 

systems indicating that the key to RB mitigation involves the prudent design of the 

link power budget. Just as was done in Chapter 2, analysis must be conducted which 

determines the impact of amplification schemes (both amplifier type and power map) 

on both the amplification of RB and the introduction of additive ASE. If such 

theoretical and experimental work is successful, it is conceivable that long haul 

bidirectional systems can become commonplace for a variety of applications.  

6.2  VCSEL-based OIP 

6.2.1  Contributions 

 The bistability and inverter studies described in Chapter 5 represent important 

contributions to the field of VCSEL-based optical logic.  The ability to provide µW 

switching in a bistable 1550 nm VCSOA indicates that VCSEL technology may offer 

a good compromise between size, power and potential for large scale integration for 

OIP applications.  Although the devices measured did not possess sufficient gain to 

achieve cascadable logic below the lasing threshold, it was demonstrated that above 

threshold operation may be a viable alternative.  In addition to the enhanced gain 

above threshold, it was determined that the speed of a cascadable VCSEL inverter 

could reach 2.5 Gb/s.  The errorless operation at 2.5 Gb/s using a VCSEL-based 

inverter is the first ever demonstration of its kind.  The positive noise margins and 



 

 

151 

regenerative aspects of the inverter provide the necessary and sufficient conditions to 

achieve cascadable operation of multiple gates.  Above all, it has been demonstrated 

that the low powers and highly nonlinear responses of the VCSELs provide a suitable 

platform for the ultimate goal of highly integrated all optical DSP at 1550 nm.    

6.2.2  Suggestions and Future Directions 

  The future of VCSEL based logic will likely be determined based on 

advancements in two general areas: the improvement and optimization of the devices 

and the development of a robust, system level OSP model. First, the VCSELs used in 

this work were commercially available devices designed for 2.5 Gb/s direct 

modulation applications.  It is probable that these VCSELs have sub-optimal 

properties for optical logic applications. These particular devices were presumably 

designed to act as directly modulated lasers such that the mirror reflectivities and gain 

layers promote optimally low threshold current and high speed modulation 

characteristics.  It has been predicted in multiple studies that the optimal VCSOA 

structure may differ greatly from the optimal VCSEL structure [7, 8].  Therefore, 

future work should be dedicated to re-designing the VCSOA structure in detail.  With 

application-specific device optimization, the switching powers and I/O characteristics 

of the logic gates may be improved tremendously.   

 Second, a better understanding of the system level aspects of OSP is required. 

In particular, it will be necessary to understand how many hundreds, thousands, and 

even millions of optical gates will behave on a system level. This directly relates to the 

concept of noise immunity mentioned in Chapter 5. In principle, any digital logic 
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circuit must be able to operate without error as signals are passed from gate to gate. 

Interestingly, the issue of noise accumulation and operation stability has received little 

attention for OSP applications, in part due to the experimental difficulty of even 

demonstrating single gate functionality. Nonetheless, it would be illuminating to 

explain the operation of a many-gate optical logic system from a higher level 

perspective, both because it may offer insight into how individual devices should be 

designed and fabricated and because it may reveal additional challenges which would 

not otherwise understood using a bottom-up approach.  
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I. Statistics of Rayleigh Backscattering 
 
 Linear optical crosstalk can be classified into several categories as shown in 

Fig. A.1.1. The various types of crosstalk are characterized by the mutual coherence 

between interfering field (x-axis) and the total number of interferers (y-axis).  In the 

limit that the number of interferers approaches infinity and the mutual coherence goes 

to zero (i.e. interferers are totally uncorrelated), linear crosstalk can be thought of as 

the summation of a distributed number of statistically independent interferers.  RB 

noise lies in this special case of distributed, incoherent optical crosstalk and the 

mathematical formalism underlying its treatment has been well documented [1-6].   

The physical source of RB is illustrated in Fig. A.1.2. When source light is 

injected into an optical fiber, sub-wavelength refractive index impurities act as small 

scattering elements which radiate light.  Some of the scattered light enters into non-

propagating modes of the fiber and it thus lost to the environment.  This non-

propagating light accounts for the majority of the loss in the fiber [5].  Some portion of 

the light, however, is scattered into a backwards traveling mode.  Owing to the 

amorphous spatial configuration of the fiber impurities, the total backwards traveling 

light is comprised of many independently Rayleigh scattered photons from different 

sections of the fiber.  The resultant field at the input of the fiber appears as colored 

noise.  
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Fig. A.1.1.  Overview of the various linear crosstalk regimes.  
Adapted from [5]. 

 
 It should be noted that higher order scattering can also occur: the single 

Rayleigh scattered light can be scattered a second time thus resulting in noise 

propagating co-directionally with the original signal.  In passive fibers (i.e. in the 

absence of distributed gain), this DRB is negligibly small and is ignored in this work.  

However, DRB remains an important consideration when designing links which 

incorporate distributed Raman amplification because it experiences twice as much 

gain as the original signal.  Therefore, DRB grows faster than the signal in the 

presence of distributed amplifications.  The end result is that the total on-off gain of 

DRAs must be kept to moderate levels to avoid significant DRB penalties [5]. 

 This Appendix provides an overview of the theory behind the modeling of 

(single) RB noise, specifically regarding the underlying assumptions which allow the  
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Fig. A.1.2.  Physical interpretation of single and double RB.  Small 
inhomogeneities in the fiber generate distributed reflection over 
many km.  The inset shows that the signal and RB have 
proportional PSDs.   
 

RB field to be treated as a ccg, WSS random process whose ACF is proportional to the 

of  

the original signal light.  The following derivation was first offered by Gysel and 

Staubli in [1, 2] and is reproduced here due to its vital importance.   

 The input light field is 

 [ ]tj
ss etEte 02)(Re)( πυ=  (A.1.1)  

Where ν0 is the optical carrier frequency and )(tEs  is the complex amplitude vector of 

the signal given by 

 )(
0 )()()( tj

ss etIptEptE φγ==  (A.1.2)  

Here, p is the polarization of the signal field, I0 is the mean intensity, φ(t) is the phase 

noise of the source laser and γ(t) is the complex amplitude modulation.  For simplicity, 

it will be assumed that polarizations are always co-polarized and that the phase 

fluctuations of the laser are negligibly small as these modifications do not distract 

from the main conclusions of this Appendix.   

 By definition, the ACF of source field is 
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 )()()()(),( 2
*

102
*

121 ttItEtEtt ssEs
γγ==Γ  (A.1.3)  

where <·> denotes statistical ensemble averaging.  Although the modulation signal, 

γ(t) is a nonstationary process, the PSD of the modulation is given by the time 

averaged ACF.  Therefore, the PSD of the signal is Fourier transform related to the 

ACF 

 )()( fS
ss E

FT
E →Γ τ  (A.1.4)  

where the over-bar represents time averaging of the ACF in (3).   

 Upon injection into the fiber, the incident field at any point in the fiber can be 

written as 

 zjz
si eevztEztE βα 2/)/(),( −−=  (A.1.5)  

where b is the propagation constant, v is the group velocity and a is the propagation 

loss in the fiber.   

As described above, small refractive index differences result in portion of the 

incident light in the fiber to be backscattered.  The received backscattered component 

at the input of the fiber from a scattering section at distance z in the fiber can be 

written as 

 )()/2(),( 2 zeevztEztE zjz
sb ρβα ∆−=∆ −−  (A.1.6)  

where ∆ρ(z) is the scattering coefficient.  Physically, ∆ρ(z) is related to the average 

amount of light which will be backscattered by a scattering event.  The total RB field 

will be the superposition of many backscattered components from various locations 

within the fiber.  That is, 
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  In the limit that ∆l→0, (A.1.7) can be converted to integral form where 
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The differential backscattering coefficient, 
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ρρ , represents the amount 

of backscattered light from an infinitesimally small scattering section.  As long as the 

distance between independent scattering sections is much smaller than the scales over 

which the phase, amplitude and polarization of the incident field change, ρ(z) will be a 

zero mean ccg random variable.  Since there are approximately 10 scattering 

centers/µm of fiber, ccg statistics hold for all practical cases [7].   

 An alternative expression for the RB field amplitude is given by the 

convolution of the fiber impulse response with the complex (modulated) source field 

 )()()( tEthtE sEb b
⊗=  (A.1.9)   

                                             τττρτβτα dtEvee
v vL

s
vjv
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/2
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2

  

where space parameter, z, has been replaced by time, τ, using the relation τ = 2z/v and 

the fiber impulse response is given by 
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vLt /20 ≤≤
 (A.1.10)  

 

The PSD of the RB field can be computed by first calculating the ACF  
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Calculation of (A.1.11) is greatly simplified by making use of the fact that )(th
bE  and 

Es(t) are statistically independent and that ρ(vt/2) is delta correlated owing to its zero 

mean ccg statistics.  After some work, the following relation is obtained, 

 ),()(),( ttRthtt
sbb EIE ττ +⊗=+Γ  (A.1.12)  

With 

 






=
−

,0

,
2)(

ταα vs

I
e

Sv
th

b
          

otherwise

vLt /20 ≤≤
 (A.1.13)  

where αs is the Rayleigh scattering loss and S the recapture fraction of scattered light.   

 Careful analysis of (A.1.12) and (A.1.13) reveals that the modulated (and 

therefore nonstationary) input light is heavily lowpass filtered by the impulse response 

of the fiber.  In essence, the fiber acts as a sort of “capacitive” element for the 

backscattered light resulting in response times on the order of ms (i.e. kHz).  It is this 

buildup of light energy within the first 10-30 km of fiber which allows the resultant 

RB field to be treated as a WSS random process in most practical situations.   

 For the majority of cases, the signal will be digitally modulated and thus 

cyclostationary in the wise sense.  Most often, the bit duration Ts will be significantly 

smaller than the fiber flight time.  Moreover, the loss of the fiber will be relatively 

small such that the overall field amplitude will be constant over the bit period.  The 

physical result of these relationships is that the total RB field will not depend on the 

actual bit patterns transmitted by the source because the fiber lowpass cutoff is 
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significantly smaller than the data rate.  Hence, the fiber has an averaging effect on the 

RB field.  Under these conditions, the RB field will become WSS and 

 )()( τκτ
sb EE Γ=Γ  (A.1.14)  

where κ is a scaling term related to the mean backscattered intensity.  From the 

Wiener-Khinchin theorem, the PSD and the ACF are Fourier Transform related such 

that 

 )()( fS
bb E

FT
E →Γ τ  (A.1.15)  

 )()( fSfS
sb EE ∝  (A.1.16)  

Experimental verification of the proportional relationship between the signal and RB 

PSDs is shown in Fig. 2.7.   

 Lastly, conditions can be identified which allow for the RB field to be treated 

as an ergodic ccg random process.  Assuming that the coherence time of the laser is 

much smaller than both the fiber flight time and that losses are sufficiently small such 

that the amplitude of the signal is roughly constant over a coherence interval, the RB 

field can be thought of as the accumulation of a large number of independent, evenly 

distributed scattering sections.  By the central limit theorem, the RB field will 

asymptotically approach ccg statistics.   

 To summarize, the RB noise field can be treated as a complex circular 

Gaussian (ccG), wide sense stationary (WSS) random process whose autocorrelation 

function (ACF) is proportional to the of the original signal light if the following 

physical assumption hold:  

1. The coherence of the source is much smaller than the effective length of fiber 
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contributing to RB noise (i.e. Lc << LRB). 

2. The average Rayleigh scattering section is much smaller than the coherence 

length (i.e. LRSS << LC). 

3. The bit duration is much smaller than the roundtrip delay from an individual 

scattering center (i.e. Ts << TRT). 

4. The intensity variations due to fiber attenuation, α, are negligible over the bit 

length (i.e. Ts << 1/(αv)) where v is the speed of light in the fiber. 

5. The low pass filtering response of the fiber is much lower than the data rate 

(i.e.  BWLP << R). 

For common telecommunication applications, the above assumptions hold nicely.  For 

example, typical DFB lasers have linewidths around 1 to 10 MHz, installed fiber has 

sufficiently low loss resulting in effective RB lengths of 20-30 km and data rates 

commonly exceed 10 Gb/s which many orders of magnitude larger than the kHz low 

pass filter response of the fiber.   
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II. Review of Modulation Formats 
 

This Appendix reviews the most important modulation formats relevant for 

this thesis.  For additional background, [1] provides an excellent tutorial which details 

the advantages and disadvantages of these and many other popular modulation 

formats.     

A.2.1  Mach-Zehnder Modulator 

 This thesis is concerned with modulation formats created using zero-chirp 

MZMs.  While the modulation of light is possible through other means (e.g. electro-

absorption modulators, directly modulated lasers, etc…), the MZM remains the proven 

technology for high speed optical systems.   

 The MZM manipulates light through the electro-optic (EO) effect.  When an 

electrical voltage is applied across an EO material such as LiNbO3, the effective 

refractive index of the waveguide changes.  By applying a differential phase delay 

between two parallel paths, light intensity is modulated after recombining owing to 

constructive and destructive interference [2].   The output electric field of the MZM is 
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Fig. A.2.1.  Transfer characteristic of a typical MZM.  The solid 
line corresponds to the field and the dashed line corresponds to the 
intensity (i.e. the magnitude-squared of the field).   
 

where Ein(t) is the input field, Vd(t) is the electrical driving voltage waveform and Vbias 

is the DC bias applied to the MZM arms.  The transfer curve of (A.2.1) is shown in 

Fig. A.2.1 for an offset bias,Vbias, of 0 V.  It is evident that by modulating between, for 

example, 0 and Vπ that the light wave can be modulated between 1 and 0 intensity.  

Moreover, it can be seen that an additional π phase shift occurs when the voltage 

swings, for example, between 0 and 2Vπ since the field amplitude changes between 1 

and -1.  This phase flipping property is commonly used both for creating phase 

modulated signals and phase coded intensity modulated formats [1, 3].   

A.2.2  Non-return to Zero Modulation 

 The most straightforward intensity modulated format is NRZ.  NRZ is created 

by modulated between 0 and Vπ on the MZM transfer curve and is characterized by 

the fact that consecutive marks do not return to zero between bits.  Thus, long strings  
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Fig. A.2.2.  NRZ PSD and eye diagrams at 10 Gb/s. 
 

of marks tend to have large amounts of low frequency information.  Additionally, 

since the driving voltage only swings by Vπ, no phase flipping occurs in the 

transmitted field.  Optical NRZ modulation is considered a unipolar form of NRZ 

signaling and therefore has a strong DC component which exceeds 50% of the total 

energy for finite ER signals (assuming equal probability marks and spaces).  The 

characteristic sinc-like PSD and the corresponding eye diagram for NRZ are shown in 

Fig. A.2.2.  

A.2.3  Return to Zero Modulation 

In contrast to NRZ, all RZ modulation formats are characterized by the fact 

that adjacent marks are separated by periods in which the magnitude returns to the low 

level.  Optical RZ formats are categorized by their duty cycle and phase coding.  Three 

of the most typical RZ formats are 50% RZ (RZ50), 33% RZ (RZ33) and carrier 

suppressed RZ (CSRZ).   

A typical RZ transmitter consists of two serially connected MZMs as shown in 

Fig. A.2.3. The first MZM is modulated by the standard NRZ data sequence to imprint 

the information onto the lightwave.  The second MZM is driven by a sinusoidal  
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Fig. A.2.3.  Typical RZ transmitter using two cascaded MZMs.  
The first MZM imparts the data using standard NRZ modulation.  
The second MZM careves the RZ pulses.     
 

 

Fig. A.2.4.  NRZ PSD and eye diagrams at 10 Gb/s. 
 

electrical signal and is used as a pulse carver thus ensuring that consecutive marks are 

separated by dips back zero.  The benefits of RZ are many: clock recovery of the 

transmitted data is easier, ISI effects are less pronounced, higher sensitivities can be 

achieved and penalties from coherent RB are lower [1, 4].  However, RZ formats also 

have drawbacks owing to their significantly wider spectra.  This implies that RZ 

formats are spectrally wasteful and inherently inferior for achieving a high spectral 

efficiency.  A further consequence is that RZ formats will suffer from greater amounts 

of optical filtering penalties since filter concatenation effects will be more severe [5].   

The creation of the various RZ varieties depends on the nature of the pulse 

carver driving signal.  In order to create RZ50, the pulse carve is driven with a Vπ 

voltage (peak to peak) swing sinusoid at the data rate, R, which is biased in quadrature  
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Fig. A.2.5.  RZ33 PSD and eye diagrams at 10 Gb/s. 

(i.e. at Vπ/2 in Fig. A.2.1).  The resultant pulses have an approximate 50% duty cycle 

and no additional phase flipping.  The corresponding PSD and eye diagram is shown 

in Fig. A.2.4.      

RZ33 is created by driving the pulse carver with a 2Vπ voltage (peak to peak) 

swing sinusoid at half the data rate, R/2, which is biased at the maximum of the 

transfer curve.  The carved pulsed have a duty cycle of approximately 33% the bit 

period.  This narrower effective pulse translates to a correspondingly larger amount of 

high frequency energy as shown in Fig. A.2.5. Again, no phase flipping occurs for 

RZ33.   

CSRZ is created by driving the pulse carver with a 2Vπ voltage (peak to peak) 

swing sinusoid at half the data rate, R/2, which is biased at the null of the transfer 

curve.  The key effect of this type of pulse carving is that the duty cycle is about 67% 

and adjacent pulses always have alternating zero and π phase.  In other words, the DC 

tone averages to zero since alternating bits have opposite phase.   Hence, the carrier is 

suppressed on average and, instead, harmonic tones at +/- R/2 appear as shown in Fig. 

A.2.6. Conveniently, this phase flipping does not affect receiver design since the all  
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Fig. A.2.6.  CSRZ PSD and eye diagrams at 10 Gb/s. 

phase information is lost during the process of square-law detection.  To the receiver, 

there is no difference between a +1 pulse and a -1 pulse.  The motivation to 

incorporate phase flipping in the transmitted signal is prompted by other influences 

such as propagation nonlinearities and filtering effects.   

A.2.4  Duobinary 

 Another class of intensity modulated signals known as partial response signals.  

These signals are similar to CSRZ in the sense that some bits are flipped by π phase 

with respect to others.  However, partial response coding implies that these phase flips 

are positioned according to the transmitted bit pattern.  Hence, partial response signals 

require an additional coding layer and different drive electronics than CSRZ.   

 A particularly important partial response code in optical communications is 

DB [6-8].  DB has many interesting properties which makes it advantageous in certain 

situations.  Particularly, DB is spectrally compressed compared to NRZ, carrier 

suppressed (because of the intrinsic phase coding) and highly resistant to ISI [9-12].  

These features make DB an ideal candidate for high spectral efficiency systems and 

metropolitan area networks.   
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DATA Differential
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R/4 LPF

DB

3 Level Drive

 

Fig. A.2.7.  Typical LPF DB transmitter.  The 2 level binary data is 
converted to a 3 level waveform via heavy lowpass filtering.  The 
inset shows an example of the 3 level waveform used to drive the 
MZM.   

 

Fig. A.2.8.   DB PSD and eye diagrams at 10 Gb/s. 

 To attain these benefits however, the DB transmitter requires additional 

equipment and is known to be more sensitive to tolerancing error [13].  The schematic 

of the most common DB transmitter is shown in Fig. A.2.7. The raw data signal is first 

passed through a differential encoder.  The differential encoder consists of an XOR 

gate and a 1-bit delay.  The output of this logic step creates correlations between bits.  

The encoded sequence then passes through a LPF which has an approximate cutoff 

around R/4.  Typical LPF used for optical DB are 5th order Bessel filters.  The heavy 

filtering causes the original, 2 level digital signal to convert to a 3 level signal as 

exemplified in the inset of Fig. A.2.7.  The 3 level filtered waveform is biased at the  
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Fig. A.2.9.  Typical DB intensity waveform making use of phase 
flips in the middle of each space period.  The zero-ripple has a 
duplicitous effect: it causes an excess power penalty while 
simultaneously improving the ISI immunity.   
 

null of the MZM transfer curve and modulated the CW light between the 0, Vπ and 

2Vπ points.  The modulated light has a PSD and eye diagram illustrated in Fig. A.2.8.   

 The DB signal will follow a phase flipping algorithm which dictates that a π 

phase flip will occur during the middle of ever space period.  Marks separated by an 

odd number spaces will be 180o out of phase with each other as shown in Fig. A.2.9. 

This feature gives DB a higher immunity to CD and optical filtering effects because 

overlapping energy from marks separated by a single space (i.e. a 1 0 1 bit pattern) 

tends to destructively cancel, thereby preserving the low space level [6,14].   
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III. Fitting Theoretical and 
Experimental Results 
 
 Resolving the subtle differences between theoretical and experimental 

parameters is a challenging prospect.  For this reason, the proper fitting of theoretical 

and experimental results deserves clarification.  The sole purpose of this appendix is to 

outline the tedious (and sometimes tenuous) procedures necessary to accurately 

compare the analytic model and experimental results.  Measurement constraints and 

physical arguments are made which elucidate the various differences between theory 

and experiment and compensation for these differences is provided.   

A.3.1  Measured OSNR vs. Theoretical OSNR 

It is advantageous to write PRB and NASE in terms of the average signal power, 

Rayleigh OSNR and ASE OSNR because of the ease with which these terms can be 

measured experimentally.  By definition 

 
ASERBW
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tASE NB

P
OSNR =)(  (A.3.1)  
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P
OSNR =)(  (A.3.2)   

where Pave is the average optical signal power prior to optical filtering and PASE and 

PRB are the average noise powers due to ASE and RB prior to optical filtering.  The 
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subscript (t) is included to emphasize the fact that these are theoretical definitions and 

not necessarily the same as what is actually measured in a laboratory. The 

experimental techniques to measure OSNRASE and OSNRRB are quite different.  While 

OSNRRB is straightforward to measure experimentally, OSNRASE can be a problematic 

quantity to measure directly.  In order to correctly calculate the ASE power spectral 

density NASE, care must be taken to relate the measured OSNRASE to the definitional 

(i.e. theoretical) OSNRASE.  The following analysis demonstrates how to convert 

between the measured OSNRASE and the actual NASE spectral density as it pertains to 

the analytic model.       

A.3.1.1  OSNRRB Measurement 

 The measurement of OSNRRB is straightforward.  First, the average signal 

power at the input to the optical preamplifier is measured with a power meter.  Then, 

the signal is turned off and the Rayleigh generating signal is turned on.  The Rayleigh 

backscattered light from the fiber spool is passed through a circulator and the total 

power is measured at the input to the preamplifier.  The ratio of these two 

measurements gives the OSNRRB.   

A.3.1.2  OSNRASE Measurement 

 The commonly accepted procedure of using an optical spectrum analyzer 

(OSA) to measure OSNRASE is outlined by Fig. A.3.1. By measuring the peak level, 

Ps, of the signal spectrum and the noise floor, PASE, on an OSA immediately after the 

preamplifier, the OSNRASE can be extracted for a given resolution bandwidth 

(traditionally chosen to be 0.1 nm).  The ratio of Ps and PASE gives: 
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Ps = Pave+ PASE

PASE

Ps = Pave+ PASE

PASE

 

Fig. A.3.1.  Illustration of the OSA OSNR measurement.  The ASE 
is assumed to have a flat spectral density and the signal peak 
consists of both ASE and signal.   
 
 

 1)( )(
mod

)( +=
+

= tASE
ASE

ASEave
mASE ONSR

P

PP
tOSNR

γ
 (A.3.3)  

Rearranging (A.3.3) yields  
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where γmod is a modulation dependent scaling factor (γmod e [0,1]).  The subscript (m) 

indicates the measured OSNRASE and (t) indicates the theoretical OSNRASE.  The 

above equation is valid as long as PASE is constant across the band being measured.   

 The inclusion of the term γmod stems from the fact that the signal spectrum 

being measured might be larger than the resolution bandwidth of the OSA.  If this is 

the case, some finite portion of the signal will lie outside the bandwidth of the OSA 

and will not contribute to the peak power reading, Ps, causing Pave to be 

underestimated  This underestimation of Pave can be calibrated out by calculating the 

amount of signal power which is clipped by the OSA filter.  Table A.3.1 lists the 

percentage of power which lies within a 0.1 nm bandwidth for NRZ, RZ and DB.  The 

majority of the power lies within 0.1 nm for NRZ and DB while only about 73.6% of 

the energy lies within 0.1 nm for RZ.    
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Table A.3.1. 
Scaling coefficients for the analytic model 

 

Modulation 

Format 

γmod 

(P0.1nm/Ptotal) αmod 

FISI 

(10 GHz 4th Order Bessel) 

NRZ 0.960 0.5 1 

RZ 0.736 0.25 0.8122 

DB 0.993 0.578 0.9227 

 

A.3.1.3  OSNRASE and NASE—No RB     

 The experimental techniques used to measure OSNRASE and OSNRRB were 

described in the previous section.  The next step is to use these measured values of 

OSNRASE(m) and OSNRRB(m) to calculate the power spectral density of the ASE noise, 

NASE.   

 As mentioned earlier, the measured OSNRASE value is performed on an OSA 

and is quoted for a specific resolution bandwidth.  By definition the total measured 

noise power PASE is: 

 ASERBWASE NBP 2=  (A.3.5)  

where BRBW is the resolution bandwidth of the OSA resolution filter.  The factor of 2 

refers to the fact that PASE is the total noise power in both polarizations while NASE is 

the power spectral density of a single polarization.  Plugging (A.3.1) and (A.3.5) into 

(A.3.4) and solving for NASE yields: 
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 (A.3.6)  

This expression is valid so long as ASE is the dominant noise source. 
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A.3.1.4  OSNRASE, OSNRRB and NASE—With RB     

 If RB is present in the link, (A.3.6) needs to be modified.  In particular, we 

need to account for the fact that the peak signal power, Ps, has an additional 

contribution as shown in Fig. A.3.2. The difficulty posed by including RB into the 

calculation of NASE comes from the fact that the EDFA preamplifier’s noise 

performance depends on the input power.  Namely 
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. (A.3.7)  

Here, NF is the noise figure of the EDFA, h is Planck’s constant, ν is optical 

frequency, ∆f is the resolution bandwidth of measurement, and Pin is the input power 

into the amplifier.  If it can be assumed that OSNRin >> Pin/NFhν∆f, (23) collapses to 

the well known relation: 
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. (A.3.8)  

Rewriting (A.3.8) in dB yields 

 NFPOSNR inout −+= 58  (A.3.9)  

where it is assumed that h = 6.626x10-34, ν = 193.1 GHz, and ∆f = 0.1 nm.  If it is 

assumed that NF does not fluctuate significantly for small changes in Pin, (24) 

demonstrates that OSNRout (i.e. OSNRASE) changes linearly with Pin.  Therefore, dB 

changes in Pin cause dB changes in OSNRout.   

 Using (A.3.8) and (A.3.9), it is now possible to include the effect of RB on the 

OSNRASE measurement.  Let us assume for the moment that we have measured the  
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Ps = Pave+ PASE + PRB   

PASE

Ps = Pave+ PASE + PRB   

PASE

Ps = Pave+ PASE + PRB   

PASE

 

Fig. A.3.2.  Illustration of the OSA OSNR measurement in the 
presence of RB noise.  The measured signal power consists of 
average signal power, RB and ASE.  
 

OSNRASE value for a certain Pin when the Rayleigh signal is turned OFF.  Then, we 

turn ON the Rayleigh signal and measure the OSNRRB value using the method 

described previously.  The question becomes, what is the new OSNRASE value when 

we have both the signal and RB present at the input to the preamplifier?  Assuming 

that the overall RB average power is not large enough to change the NF of the 

amplifier (true as long as PRB is small compared to Pin) it is clear from (A.3.9) that the 

new OSNRASE will improve slightly by a factor of PRB.  The physical explanation of 

this is straightforward: because there are more photons at the input of the amplifier to 

cause stimulated emission, less spontaneous photons will be generated during 

amplification and thus the OSNRASE will improve.  This explanation is valid as long as 

the EDFA is operated in the linear regime such that gain saturation is avoided.   

 The fact that the new OSNRASE will increase by a factor of PRB when RB is 

present can be incorporated into (A.3.6) with the following equation: 
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Clearly, if OSNRRB(m) is large, the impact of Rayleigh on the ASE noise performance 

of the preamplifier is negligible and (A.3.10) collapses to become (A.3.6).  However, 
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if PRB is on the same order as Pave (i.e. OSNRRB ~ 1), the actual NASE level will be less 

than expected had (A.3.6) been used. 

 It should be highlighted that (A.3.10) is only valid when OSNRin in (A.3.7) is 

large.  If this is not the case, a more rigorous approach to calculate NASE when RB is 

present should be taken by also including the effect of OSNRin.  Luckily, the 

experiments described in this paper do not require such a rigorous approach.  As it 

turns out, for experiments where OSNRRB(m) was low, OSNRin tended to be very large 

(>20 dB) making (A.3.10) valid.  For experiments where OSNRin was small, 

OSNRRB(m) tended to be large meaning the effect of RB could be neglected making 

(22) valid.      

A.3.2  Peak Power, Average Power and Extinction Ratio 

The analytic model treats the peak power, P1, of the marks while experimental 

measured results give average power, Pave.  This difference must be compensated.  

Additionally, real signals have some non-negligible amount of energy in the spaces 

due to finite extinction ratio. These considerations cause confusion when calculating 

signal dependent noise variances as described by (2.4) and (2.6).  The following 

expressions relate this peak power to the mark to the average power, the “mark 

density” scaling term, and the extinction ratio of the signal.     
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where P0 is the excess light which leaks into the space period and ex is the extinction 

ratio coefficient defined by P0/P1.  The coefficient αmod is a scaling factor necessary to 
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properly adjust Pave for the different modulation types under investigation.  Physically, 

the inclusion of αmod is manifested by the fact that different modulation schemes have 

different pulse widths and hence different effective mark densities.  For a given input 

power, the total average power at the output modulator will completely depend on 

which modulation scheme is being considered.  Table A.3.1 lists the αmod values for 

NRZ, RZ, and DB.  It is interesting to note that DB has an αmod coefficient greater 

than 0.5, despite the assumption of 50% mark density (i.e. equal number of marks and 

spaces).  The cause of this is twofold.  First, the electrical low pass filtering of the 

original bit sequence yields marks which are broader than there allotted time slots.  

This gives rise to mark energy which “spills over” into adjacent space time slots.  

Second, the significant low pass filtering also generates zero ripples between adjacent 

spaces causing additional energy to accumulate in the spaces. 

A.3.3  Analytic Model—In Terms of Measured Parameters 

 The derivations described in the previous sections enable the four variance 

equations to be written entirely in terms of readily measured parameters.  Replacing 

P1, NASE and PRB with the measured parameters of OSNRASE(m), OSNRRB(m), ex, αmod, 

and γmod yields: 
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 Eq. (A.3.12-A.3.15) represent the variances of marks.  The expressions for the 

variance of the spaces are similar, except that the signal-ASE and signal-RB terms are 

multiplied by ex to account for the lower signal strength in the space. 

A.3.4  Q-factor Compensation 

 The strict definition of Q-factor is 
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where µ1 and µ0 are the average photocurrents for the marks and spaces, respectively.  

Using (A.3.11), the numerator can be rewritten 
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An implicit assumption of (A.3.11) is that the optical and electrical filters under 

consideration do not affect the means of the marks and spaces.  Thus, (A.3.17) is only 
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true when the receiver’s optical and electrical bandwidth are much greater than the 

signal’s bandwidth.  In practice this will not be true.  In fact, it is often advantageous 

to sacrifice a certain amount of filter induced eye closure in order to reduce the 

amount of high frequency noise in the receiver.  Optimal amounts of electrical 

filtering which trade increased ISI for reduced high frequency noise lie in the range 

from 0.6 to 1 times the bit rate, depending on the specific link parameters used (see 

Chapter 3 results).   

 Because filter induced eye closure is a deterministic effect dependent on the 

modulation format and optical and electrical filters, the calculation of Q which 

includes ISI is straightforward.  In [1] the Q-factor equation of (A.3.16) is scaled by 

the term FISI e [0,1] represents the percentage of eye closure experienced by the signal 

due to filtering.  Scaling the Q-factor equation by FISI yields: 
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The physical tradeoff between increased ISI and reduced noise on the maximization of 

Q is obvious from (A.3.18): although the denominator of (A.3.18) will decrease with 

heavy receiver filtering, at some point the overall Q-factor will drop because FISI will 

begin to dominate the numerator of (A.3.18).  

 For this study, FISI was numerically determined using 

VPItransmissionMakerTM (VPI Photonics) by taking the ratio of the mean eye opening 

after filtering divided by the mean eye opening before filtering.  Table A.3.1 shows the 
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FISI values found in simulation for NRZ, RZ and Duobinary for various receiver 

bandwidths.   

A.3.5   References 

[1] P. J. Winzer and A. Kalmar, "Sensitivity enhancement of optical receivers by 
impulsive coding," Lightwave Technology, Journal of, vol. 17, pp. 171-177, 
1999. 

 
 
 


