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Abstract

The access network traffic is growing with a rise in high data
rate consuming applications like video on demand and cloud based
applications. This increases the traffic load on the core network. In
order to increase the core network capacity an operator needs higher
number of lightpaths operating at or beyond 100 Gbps. Therefore
the operators need to utilize flexible spectrum provisioning under
Elastic Optical Network (EON) technology while utilizing high order
Polarization Multiplexed m-ary modulations.

In this thesis, we focus on the optical part of the communication
system. The EON optical transponders enable software control to
adapt modulation formats based upon the OSNR condition of a
lightpath. Therefore, service providers can operate a lightpath close
to the OSNR limit without keeping a high margin for link degradation.
This enables lightpaths to operate at higher m-ary modulation thereby
giving better day one network capacity. This idea of operating with
reduced Link Margin has been proposed in the thesis and has been
explored over various networks. The results show that smaller

networks like the BT UK have high inherent OSNR to convert the



reduced margin benefits into high network capacity on day one. It
has been shown that the flexibility of EON in spectrum allocation and
modulation formats are necessary to increase the network capacity
while operating with reduced margin for both variable baud rate and
fixed baud rate transponders. For fixed baud rate transponders we
have introduced the concept of demand multiplexed transponders
which can cater multiple 100 Gbps demands over a single ligthpath
between same source and destination. Using these transponders we
have shown that a frequency granularity of 12.5 GHz is a good choice
to generate subcarriers with 37.5 GHz spacing and the modulation
sweet spot of the BT UK network is at PM-16QAM. These results
were used in world’s first 1.4Tbps Superchannel field trial by BT
where each of the 7 subcarriers operated at prescribed PM-16QAM
with no margin and subcarrier spacing of 37.5 GHz. We have also
evaluated the capacity benefits by reducing margins while operating
with lightpaths at 400 Gbps and 1000 Gbps using Nyquist WDM
Superchannel technology. The results show that the Superchannels
will quickly exhaust the extra available spectrum (while using flexgrid)
due to their large spectrum requirement. Therefore operators prefer
to increase lightpath capacity in steps of 100 Gbps. Further, we have
evaluated the benefits of operating at reduced margin over a life time
of 25 years while considering single fiber failure events. It has been
shown that it is easier for a smaller network to re-provision the failed
100 Gbps demands while operating with reduced margin.

As OSNR became an important figure of merit, an operator has



to make a cogent decision on whether to procure better amplifiers or
ROADMs. To evaluate the capacity benefits for each equipment we
have proposed a lightpath OSNR estimation model while considering
the fiber nonlinearity being modeled as a Gaussian process. Using
this model we have shown that a network having less ASE noise from
in-line amplifiers and high node density will benefit more while using
superior ROADM nodes. It was shown that small BT UK network
can benefit the most in terms of network capacity while using better
ROADMs as compared to larger networks. Finally we have also
proposed an offline strategy to justify the upfront procurement of the

amplifiers which has been considered by BT.

viii



R31KY

AT 3R Fell3s MR fqoaNent o NfSAT S 3T 31er &7 Iuerdl AN & Jefer
% HROT Igd Aedd AT 96 @1 &1 36 HR scad W ¢fthe ols 9¢ SIdm §1 7E
dicad &1 &THAT dgT & faIv 3HTEX & 100 ANded W A7 38& 91 § Tolod dTel
YRIRIIAT T 3HTH TEAT AT HTITRAT gldl & | SATAT TR Sl Tdrel e sicds
($3NTA) FEAADT & dgd oTdell FTAeFeH UIGUT T 3TN FAT MgV, Sdfh 3T HA
YATHIOT AfCCTlard TH-TH HISTRIRN I 3TN HIAT ARV

=g NfAT &, g7 TIR T & 3HifCeahol HRT W €A & &1 3T e giauisy
YRIITY I INTHCAIR AT & R R AT THUl T 3Hefhfold Flel & faw
AiFeadIR fATTUT &7 3T/ AT g1 SATAT, TAT YSTAT3iT NTATHATANR AT F FAS
foir & T 3Tg AfG & 9410 W & 9T T ghRey dafod e J&d &1 I8
TERTRITY T 3T TH-TY FAISTRNT TN HATAT el H TETH TeA1clm § Torad aga oot
Teh dAcadh &THT gil g | & foie ARSI o T1Y FHIA el &1 I8 g Nf{F #7 gearfad
foram 91T § 3R TAfAe Acaesl 9T SHHT IaT ST AT | IROMA T § o iy o
é@&’l‘&ﬁcqcﬁ'ﬁqu 3% ARRT INTATANR &, I T e T 7 a7 AfSiaT orey a1
3T Sicdeh &THAT H Saelel H HaTH §| I8 fG@mam arar § fob Fqered 3maes 3R AlggereeT
YIRGl # $3N0T &7 o=iTelued Aeash &THdT T 96T & [T 3192y § o9 X &is ¥ 3R
AT sfs g Trguist et a Aol & I F1F Fd &1 O 915 & Eist & fov
BHA HIIT HodITales SHUIST T FTUROT AT YE fhaT & S Toh &1 | 3N et & &
Teh Tehel ThIAMTY T &5 100 SHEITH Al G T FehdT §| ST TGS &1 3TN
e gHa femmar § & 12.5 dfemgdst i smafr aregelRer 3k 37.5 afemgds v &
Y FEHRIT Telle1 & T Teh 3reaT faeheld &1 fiEr Ioh Acash HT Alsgerl Fdic dive
-16 FYUTH W | $o1 IROMAT T 3TN e R giAm & Tgel 1.4 ENANTH ool
tres ¢FC & fohar aram o, 58T 7 # ¥ Yodsh FahRA Uik fiear -16 Fqued «
Tarford giar a1 f9as 37.5 Mgt T s Alfored 3R FehRIR RiFT 187 oY g7y
400 STEETE 3R 1000 SHEHTH T Ferreradt & AT H1H Hid THAT ATfoleT Pl TR

X



&THCT T8 T Hedichel fohaT 8, ST foh Nyquist WDM FodeTer Tl 1 3u1er Y
TET & | IROTH fewrd 8 foh GoREerel 3710e) o3 TreH TaRTehall & HRUT AR ST
TIFCH (FIFE-TIS T 3TN A U) AT I 3TN T o & | $AAT AR 100
ST & TR F YhrRITY &7HdT T 96T & [T Tde FHd &1 SH& 37dEl, g5 25
AT & Sidetehlel H A ATfole] W HIHA Fel & ol T Hodlhel [T § Seieh Tehel
BISSR 3G I 81 J§ G@mran 131 § foh ar AfSid X o 9 gU Alcas & fow
TP 100 NETH AR & T T YTaeTeT el 3T g

ST o TATANR TRIAT 1 Tk Agedqol 30T &1 -7 §, Ueh 3R A d8d
TFIIBRRAT AT VSHFT H @lie & OT T 319 AT Fam gRm| 9@ 39a0T & faw
&THAT & T T Hodlchel el & [T §He Teh ThIITY HTTHAVANR Heholel Hisel hl
gy&dTa fhar § Fafh BIgeR AldarsRer I MFET Yihar & & J JIR FAr 31 W7 B
39 AlSH T 39INT Feh gHel [GQ@AT ¢ b 3TaaR USH AI5H HI 3TN Fd THT HH
TUHS AR aTel S-Sl TFTahIAR 3R 3TT I8 Uelcd dlel sicdeh ol {8 oITe giam|
Ig T@ram 1T AT & 93 Sicash 6T Jolall H dIVCT Jeb sicaeh STHT & HHS H o 3Tt
AT & HohelT 1 9§ USHA FHT SEAATS NTET Joh 3 FHAT ST FheT &1 37T H g
TFINERRT Y 31f3a TWlig # TEr it & T 3iTwenss e off yearfaa & & &
Y garT faar R o B

Xi



Table of Contents

Certificate ii
Acknowledgements iv
Abstract vi
List of Figures xvi
List of Tables xxii
List of Symbols xxiv
Acronyms XXX
1 Introduction to Elastic Optical Networks 1
1.1 Introduction. . . . ... . ... ... oL, 1
1.2 Limitations of DWDM Technology . . ... .. ... .. .. 3
1.3 Increasing Network Lightpath Capacity using Coherent

1.4

1.5
1.6
1.7
1.8

Technology and Forward Error Correction . . . .. . . .. 7
1.3.1 Coherent Technology . . . . . .. ... .. ...... 9
1.3.2 Forward Error Correction . . . . ... .. ... ... 14

Increasing Transmission Rates Beyond 100 Gbps with

Superchannel Technology using Sliceable Bandwidth

Variable Transponders . . . ... ... ........... 19
Architecture of the Flexgrid Core Node . .. ... ... .. 33
Role of Network Management . . . . . . . ... .. ..... 36
Spectrum Allocation Strategy . . . . . . .. ... ... ... 39
Statement of Problem . . . ... .. ... .. ........ 40



1.9 Key contributions of thiswork . . . . ... ... ... ...
1.100rganization of the thesis . . . . . . .. ... ... .....
Impact of Reduced Link Margin on Day One Capacity of
Elastic Optical Networks
2.1 Conceptof Link Margins . . ... ... ...........
2.2 Linear Noise Model . . . . . .. .. ... ... ........
2.3 Performance with Variable Baud Rate Transponders . . .
2.3.1 Results and Discussion . . . ... ... .......
2.4 Performance with Fixed Baud Rate Transponders
2.4.1 Capacity Benefits with Demand Multiplexed
Transponders and Reduced Link Margin . . . . . .
2.4.2 Day One Capacity Benefits with Reduced Link
Margins and Modulation Sweet Spot of Multiple
Flexgrid Optical Networks . . . . . . ... ... ...
2.5 Benefits of Reduced Link Margin for Demands beyond
100 Gbps . . . . . . e
2.5.1 Concept of N-WDM Superchannel . . . .. ... ..
2.5.2 Results for Day-1 Capacity Benefits with Reduced

Performance of an Elastic Optical Network with Reduced

Margin Under Single Fiber Link Failure Scenario

3.1 Modelling the Single Fiber Failure Scenario . ... . ...
3.1.1 Modelling the Failure Events . . . . .. ... .. ..
3.1.2 Method of Failing a Single Fiber Link . . .. .. ..

3.2 Concept of Inherent Protection Bandwidth . . .. .. ..

3.3 Results and Discussion . . . . . . . .. .. ... .. ....

xiii

49
50
51
53
55
65



4 Network Equipment and Their Role in Designing of High
Capacity Elastic Optical Networks 107
4.1 The Network NLI Model . . . . ... ... ... ....... 110

4.1.1 Expressions for Calculating X,,(L) in In-Line EDFA

Amplifiers . . . . ... ... oo 0oL 112

4.1.2 Expressions for Calculating X,(L) in In-Line
H-Raman Amplifiers . . . .. ... ... ... .... 114
4.2 Benefits of Improved ROADM OSNR Conditions . . . . . . 120

4.3 Offline Strategy for Amplifier Addition in Elastic Optical

Networks . . . .. .. .. .. .. L 128

4.3.1 Offline Amplifier Addition Strategy . . . . . ... .. 130

4.3.2 Simulation Results and Discussion . ... ... .. 133

5 Conclusions and Future Work 159
5.1 Future Challenges in Optical Transport Networks . . . . 165

5.1.1 Using the Modal Diversity in Optical Fibers for

Higher Capacity . . . . . . ... .. ... ... .... 166
5.1.2 Improving the Digital Signal Processing Techniques167
5.1.3 Designing of Low Loss Optical Amplifiers and

ROADMS . . . . . . .. o e 168

5.1.4 Network Management in the Flexgrid . . .. . . .. 169
References 171
A Derivations of Expressions and Description of Models 189
A.1 Calculating OSNR of Lightpath . . . . . ... ... ... .. 191
A.2 Modelling NLI noise with In-Line EDFA Amplifiers . . . . 193
A.2.1 Normalized Non-linear Coefficient for EDFA . . . . 194

A.2.2 Total ASE in an Optical Link . . ... .. ... ... 197

A.2.3 Optimum Launch Power in a Fiber Link . . .. .. 198



A.3 NLI Noise Model with In-Line H-Raman Amplifiers . . . . 199
A.3.1 Normalized Non-Linear Coefficient for H-Raman . . 199

A.4 Expression for Noise Figure in H-Raman Amplifier . . . . 205
A.5 Single Fiber Link Failure Model . . . . ... ... ... .. 207
List of Publications 211
Technical Biography of Author 215



List of Figures

1.1
1.2

1.3

1.4
1.5
1.6

1.7
1.8
1.9

Comparison between Fixed Grid and Flexgrid . . . . . . .

Block Diagram of a Polarization Diversity Coherent

Transmitter . . . . . . . . . . . ...

Block Diagram of a Polarization Diversity Coherent

Receiver . . . . . . . . ... o o
Evolution of FEC codes towards Shannon limit . . . . . .
Generation of OTUflex Frame . . . . . . ... ... .. ...
Splitting high end client demand into multiple media
channels. . . . . . .. ... ... .. L
Basic Architecture for S-BVT . . . ... ... ... ....
Evolutionof LineCards . . . ... ... .. .........

Future node architecture with S-BvVT . . . . . ... .. ..

1.100FDM and N-WDM Based Superchannel Transmitters . .

1.11Superchannel Receiver . . . . .. .. .. ... .......

1.12The Filtering Effect in ROADMs . . . ... ... ......

1.130SNR penalty with reduced subcarrier spacing

(subcarrier spacing of less than 37.5 GHz leads to

high OSNR penalty) . . ... ... ... ... ... .....

1.14Results of the first 1.4 Tbps field trial over 410 km in the

BT UK network with each subcarrier operating at 200
Gbps, PM-16QAM modulation with no margin. . . . . . .



1.15Node Architecture with Route and Select Configuration . 35
1.16Network Management with Path Computation Element . 38

1.17Route and Spectrum Assignment Method . . ... .. .. 40
2.1 Noise Model to estimate the ASE noise . . ... ... ... 52
2.2 Topology of BTUKnetwork . . . . .. ... ... ...... 54
2.3 Variation of CBP with number of demands for FG=50 GHz. 58

2.4

2.5

Distribution of allocated demands for different

modulation formats for LM=0 to 6 dB with FG=50 GHz. . 59
Variation of CBP with number of demands for FG=25 GHz

and FG=125GHz. . . . . . . . . . . . . ... ... 60

2.6 Distribution of allocated demands for different

modulation formats for LM=0 to 6 dB with FG=25 GHz

and FG125GHz. . . . . . .. ... ... .. oo 61
2.7 Variation of CBP with number of demands for

FG=6.25GHz. ... .. ... ... ... .. ... . ..., 62
2.8 Distribution of allocated demands for different

modulation formats for LM=0 to 6 dB with FG=6.25 GHz. 63
2.9 Performance comparison for the two different

transponders in Design 1 (fixed modulation format)

and Design 2 (Demand Multiplex Transponder for EON). 68
2.10Topology of Pan Europenetwork . . . . .. .. ... .. .. 72
2.11Topology of USA Abeline network . . . .. .. ... .. .. 73

2.12Allocated demands in each modulation format for LM 0,4

and 6 dB in the BT UK network for FG=50 GHz and
FG=25GHz . . . . . . . e 75

Xvii



2.13Allocated demands in each modulation format for LM 0,4

and 6 dB in the BT UK network for FG=12.5GHz . . . . .

2.14 Allocated demands in each modulation format for LM 0,4
and 6 dB in the Pan Europe network for FG=50 GHz and
FG=25GHz . . . . . . . e

2.15Allocated demands in each modulation format for LM 0,4

and 6 dB in the Pan Europe network for FG=12.5 GHz . .

2.16Allocated demands in each modulation format for LM 0,4
and 6 dB in the USA Abeline network for FG=50 GHz and
FG=25GHz . . . . . . . . s

2.17Allocated demands in each modulation format for LM 0,4

and 6 dB in the USA Abeline network for FG=12.5 GHz
2.18N-WDM Transmitter . . . . . . .. ... ... ... .....
2.19Lower LM benefits for the BT UK network for beyond 100

Gbps lightpaths . . . . . ... ... .. 00000

3.1 1:1 Lightpath protection in DWDM and EONs . . . . . . .
3.2 Inherent Protection Capacity for operation at LM=0 dB

andLM=6dB . ... ... ... .. ... .. ... ..
3.3 Network CBP performance with LM=0 dB and LM=6 dB

and its comparison with traditional fixed PM-QPSK only

transponder . . . . . . . ... oo

3.4 Network CBP Performance with LM=0 dB with Protection

(P) and without protection Scenario . . . . ... ... ...

3.5 Network CBP Performance with LM=6 dB with Protection

(P) and without protection Scenario . . . . ... ... ...

Xviii

78



3.6 Network CBP Performance with PM-QPSK with

Protection (P) and without protection Scenario . .. . ..

4.1 Network NLI model used for Offline Strategy . . . . . . . .
4.2 Behaviour of Effective Noise figures with H-Raman
amplifier and Raman amplifier . . . . . .. ... ... ...

4.3 H-Raman in-line amplifiers in new NLI network model . .

4.4 Benefit of Better OSNR at ROADMs (BT UK network) . . .

125

4.5 Benefit of Better OSNR at ROADMs (Pan Europe network) 126
4.6 Benefit of Better OSNR at ROADMs (USA Abeline network)127

4.7 Concept of Pcap factor and CC Factor. . . . ... ... ..
4.8 Offline Strategy Performance for BT UK network with

EDFAand FG=bOGHz. . . . . . . . ... ... ... ....
4.9 Offline Strategy Performance for BT UK network with

H-Raman amplifierand FG=bOGHz . . . . . . .. ... ..
4.10Reducing CC Factor Curves for BT UK network and

FG=BOGHz . .. ... ... ... ... .. ... ...
4.110ffline Strategy Performance for BT UK network with

EDFAand FG=125GHz . ... .. ... ... .. .....
4.120ffline Strategy Performance for BT UK network with

H-Raman amplifier and FG=12.5GHz . ... .. ... ..
4.13Reducing CC Factor Curves for BT UK network and

FG=125GHz . . .. . . . ... ... .. ..

4.140ffline Strategy Performance for Pan Europe network

with EDFAand FG=bOGHz. . . .. ... ... ... ....

4.150ffline Strategy Performance for Pan Europe network

with H-Raman amplifier and FG=bOGHz . . . . . . . . ..



4.16Reducing CC Factor Curves for Pan Europe network and

FG=bOGHz . . ... .. . ... . e

4.170ffline Strategy Performance for Pan Europe network

with EDFA and FG=12.5GHz . .. ... ... ... ....

4.180ffline Strategy Performance for Pan Europe network

with H-Raman amplifier and FG=12.5GHz ... ... ..

4.19Reducing CC Factor Curves for Pan Europe network and

FG=125GHz . . . . . . . . ... ..o
4.200ffline Strategy Performance for USA Abeline network

with EDFAand FG=bOGHz . . . . . . ... ... ... ...
4.210ffline Strategy Performance for USA Abeline network

with H-Raman amplifier and FG=bOGHz . . . . . . . . ..
4.22Reducing CC Factor Curves for USA Abeline network and

FG=BOGHz . . ... ... . . ittt
4.230ffline Strategy Performance for USA Abeline network

with EDFA and FG=12.5GHz .. ... ... ... ... ..
4.240ffline Strategy Performance for USA Abeline network

with H-Raman amplifier and FG=12.5GHz ... ... ..
4.25Reducing CC Factor Curves for USA Abeline network and

FG=125GHz . .. . . .. . ... . ... ..

A.1 Network NLIModel . . . . . .. .. ... ... ... .....
A.2 Estimating total link ASE for EDFA in the new NLI

network scenario . . . . . . . . . .. L o

A.3 Normalized Non-Linear Coefficient X,,(L) for H-Raman
amplifier with FG=12.5GHz . . ... .. .. ... ... ..

A.4 Effective noise figure for the H-Raman amplifier. . . . . .



A.5 Comparing the value of uniformly distributed variable U

with cdf ranges of respective Events (A, Band C) . . . . .



List of Tables

1.1 A1 Tbps Superchannel . . ... ... ............

2.1 OSNR Threshold for 100Gbps . . . . . ... .. ... ...
2.2 Allocated Bandwidth and FSUs for FG=50 GHz and

FG=25GHz . . ... .. . ... ... .
2.3 Allocated Bandwidth and FSUs for FG=12.5 GHz and

FG=6.25GHz . . .. .. ... .. ... . ... . ...,
2.4 Network performance at CBP=0.1 . . . ... .. ... ...
2.5 OSNR Threshold for Fixed Baud Rate . . . . . ... .. ..
2.6 Required Bandwidth and FSUs with subcarrier spacing

of 37.5GHz . . . . . . . ..
2.7 Allocated Demands for BT UK network . . .. ... .. ..
2.8 Allocated Demands for Pan Europe network . . . . . . ..
2.9 Allocated Demands for USA Abeline network . .. .. ..

2.10Required Number of Subcarriers . . . ... ... ... ..

3.1 Values of OSNR Threshold valid for 28 GBaud . . . . . . .

3.2 100 Gbps Failure Statistics in unprotected scenario for

FG=b0GHz . ... .. ... . .. . .

3.3 100 Gbps Failure Statistics in unprotected scenario for

FG=125GHz . .. . . .. . ... . . ...

xxii



3.4

3.5

4.1

4.2

4.3
4.4
4.5
4.6

4.7

A.l
A2

A.3
A4

100 Gbps Failure Statistics for 1:1 Lightpath protection
for FG=bOGHz ... .. ... ... ... .. ... .. ... 99
100 Gbps Failure Statistics for 1:1 Lightpath protection
for FG=125GHz . . . . . .. .. ... .. L. .. 99
Coefficients for a closed form approximation of X,,(L) for
EDFA . . . . e 113
Coefficients for a closed form approximation of X,,(L) for
H-Raman in line amplifier . ... ... ... ... ... .. 115
Allocated Demands for FG=50 GHz for EDFA . ... . .. 121
Allocated Demands for FG=50 GHz for H-Raman amplifier121
Allocated Demands for FG=12.5 GHz for EDFA . . . . .. 121
Allocated Demands for FG=12.5 GHz for H-Raman
amplifier . . . . ... Lo 121
Pcap Factors for various modulation schemes . . . . . . . 129
Values of X,,(L) (mW~2) for EDFAcase .. ......... 196

Coefficients for a closed form approximation of X,,(L) for

H-Raman amplifier . . . . . . ... ... ... ... ..... 203
Values of X,,(L) (mW~?) for FG=50 GHz and Gy=10 dB . 203
Values of X,,(L) (mW~2) for FG=12.5 GHz and G(;,=10 dB 203

xXxiii



List of Symbols

o : Fiber attenuation per km (0.25dB/km)

ay : Pump attenuation

Ba : Dispersion Coefficient for SMF fiber

nr; - Net NLI contribution to the AWGN noise in the i optical link
nkotal : Total NLI in a lightpath for NLI model

y : Non linear coefficient for SMF fiber

Yo : Raman Gain factor

APcapfi . : Change in network Pcap if an amplifier is added to an i

optical link

ASE : ASE noise contribution by the each intermediate amplifier

compensating for previous span loss of g in the i'* optical link
ASE'" :Total ASE noise due to in-line amplifiers in the i’* optical link

ASER : ASE noise due to post amplification at a ROADM by EDFA

compensating for cumulative characteristic ROADM loss

XXiv



ASFErqa : Total ASE noise in a lightpath for NLI model

B,.; :Reference Bandwidth of 12.5 GHz

Cr : Raman Gain efficiency

F}, : Expected Number of Failures for i** fiber link

F.e : Expected Number of Failures in the network in 25 years
Fitness' : Fitness value for adding an amplifier to i'* optical link
g : Linear gain; analogous to G (dB) span loss

G(f) : Power Spectrum Density for all frequencies entire C band

g(f) : Normalized Power Spectrum Density for all frequencies entire

C band

Got ., ¢ Gain of the EDFA part for the intermediate H-Raman

amplifier in an optical link

Glast . Gain of the EDFA part for the last H-Raman amplifier in an
optical link

Gnee : Net optical Gain

Gnriss - Nonlinear Power Spectrum Density

Go : Raman on-off gain in H-Raman amplifier setup
h : Planck’s Constant

L.sy : Effective Length of the link



N : Geometric distributed discrete random variable accounting for

number of demands elapsed until a failure occurs
N! : Number of spans in an i'" optical link

NEoal : Total Number of failed demands after all 3000 demands have

been put to the network

Ny : Link number of the last traversed optical link by a lightpath

ny  : Input photon number

Nr  : Noise figure for Raman amplifier

Nr ¢ Number of intermediate ROADM nodes traversed by a
lightpath

Nr  : Noise figure of Distributive H-Raman amplifier system

Nigsam : Number of lightpaths operating at 16-QAM over ' fiber link

nf6eam © Number of lightpaths operating at 16-QAM overall in a

network at a given network state
Nhseam - Number of lightpaths operating at 32-QAM over " fiber link

n3s5eam - Number of lightpaths operating at 32-QAM overall in a

network at a given network state
Nf,qm : Number of lightpaths operating at 8-QAM over " fiber link

net . Number of lightpaths operating at 8-QAM overall in a network

n8qam

at a given network state



Naps : Average number of adjusted 100G demands in network per

failure event
nj,. : Number of lightpaths operating at BPSK over i*" fiber link

npet. : Number of lightpaths operating at BPSK overall in a network

at a given network state
Ngpra : Noise figure of the EDFA in the H-Raman amplifier setup

Nt ., ¢ Noise figure for the EDFA in the intermediate H-Raman

amplifier in an optical link

Nlast. . . Noise figure for the EDFA in the last H-Raman amplifier in

an optical link

N, er]?R“m : Effective Noise figure of an imaginary discrete amplifier

equivalent to distributive H-Raman amplifier system
N er]TR“m : Effective noise figure of H-Raman amplifier setup
NZg™ . Effective noise figure of only Raman part
ne, . Spontaneous Photon number

NH-Ram . Effective noise figure for the intermediate H-Raman

int

amplifiers in NLI model

NH-Rem . Effective noise figure for the last H-Raman amplifier

last

n : Number of lightpaths operating at QPSK over ‘" fiber link

i
qpsk

n" . Number of lightpaths operating at QPSK overall in a network

qpsk

at a given network state
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Nsprr, © Average number of failed 100G demands that a network has

to reprovision by generation of new lightpaths per failure event
ns . Spontaneous Emission Factor
NSI : Network Survival Index
Oi

gain

: Link OSNR gain if an amplifier is added to an i'* optical link

OSNR' : Contribution to OSNR of lightpath due to OSNR Conditions

over i'" optical link

OSNRp : Contribution to OSNR of lightpath due to OSNR conditions
at ROADMs

OSNR,qu, : OSNR of lightpath in the NLI model

PY : Spontaneous Noise Power

P. : Fixed Signal Power at the ROADM nodes in NLI model
p; @ Probability of failure of i fiber

: Optimum signal launch power for i** fiber link

Ppg : Pump Power remaining in the fiber

Pcap®™ : Pcap of network at a given state. At starting stage it is

original Pcap factor
Pcapf® : Pcapf for i*" fiber link

Pcapf™ : Pcapf for the entire network over all lightpaths
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R, : Bit Rate
R, : Symbol/Baud Rate

ROADM 455 Total ASE noise contribution in lightpath
intermediate ROADMs

SNR, : Signal to noise ratio per bit
T, : Total accumulated noise in mW
v : Central C Band frequency for 1550 nm

Xm(L) : Normalized Non-Linear Coefficient

by



Acronyms

ASE Amplified Spontaneous Emission, 14
AWG Arrayed Wavelength Grating, 19

AWGN Additive White Gaussian Noise, 14

BTC Block Turbo Codes, 15

BVT Bandwidth Variable Transponders, 20

CBP Cumulative Blocking Probability, 53
CC Capacity Constraint, 109

CD Chromatic Dispersion, 9

CDF Cumulative Density Function, 92, 209

Co-OFDM Coherent Orthogonal Frequency Division Multiplexing, 25

DCF Dispersion Compensating Fiber, 9
DOF Degree of Freedom, 8

DP-QPSK Dual Polarization-Quadrature Phase Shift Keying, 2



DPSK Differential Phase Shift Keying, 8

DWDM Dense Wavelength Division Multiplexing, 2

EON Elastic Optical Networks, 3

FEC Forward Error Correction, 5
FG Frequency Granularity, 3
FIT Failure in Time, 89

FMF Few Mode Fiber, 165

FSU Frequency Slot Unit, 39

FWM Four Wave Mixing, 189

GMPLS Generalized Multiprotocol Label Switching, 36

GN Gaussian Noise, 109

HD-FEC Hard Decision FEC, 16

LCOS Liquid Crystal on Silicon, 19
LDPC Low Density Parity Check, 15
LiSP Light Switched Path, 36
LiSPDB LiSP Database, 36

LM Link Margin, 40

LO Local Oscillator, 11



LOOSNR Link Operational OSNR, 52

MDM Mode Division Multiplexing, 165

MEMS Micro-electrical and Mechanical Systems, 19
MIMO Multiple Input Multiple Output, 165

MSSI Mid-span Spectral Inversion, 168

MZM Mach-Zehnder modulators, 10

NFV Network Function Virtualization, 35

NMS Network Management System, 35

N-WDM Nyquist Wavelength Division Multiplexing, 25
NCG Net Coding Gain, 14

NLI Nonlinear Impairments, 14

OADM Optical Add Drop Multiplexer, 2
OCN Optical Core Networks, 2

OOK On-Off Keying, 8

OSNR Optical Signal to Noise, 4

OXC Optical Cross-Connects, 37

PBS Polarization Beam Splitter, 10

Pcapf Potential Capacity Factor, 128

XXXii



PCE Path Computation Element, 36
PM Polarization Multiplexing, 6
PMD Polarization Mode Dispersion, 9

PSD Power Spectrum Density, 195

QAM Quadrature Amplitude Modulation, 4

RC Routing Controller, 36

RFS Recirculating Frequency Shifter, 32

ROADM Reconfigurable Optical Add Drop Multiplexers, 19
RSA Routing and Spectrum Assignment, 39

RWA Routing Wavelength Assignment, 2

SCI Single Channel Interference, 193

SMF Single Mode Fiber, 202

SP Set Partitioning, 168

S-PCE Stateful-Path Computational Element, 37

S-BVT Sliceable- Bandwidth Variable Transponders, 6, 21
SD-FEC Soft Decision FEC, 16

SDM Space division Multiplexing, 32, 165

SDN Software Defined Network, 35
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SSMF Standard Single Mode Fiber, 119

ST Subcarrier Transmission, 26

TDM Time Division Multiplexing, 2

TED Traffic Engineering Database, 36

UT Uncompensated Transmission, 189

WDM Wavelength Division Multiplexing, 2

WSS Wavelength Selective Switch, 19

XCI Cross Channel Interference, 193

XPM Cross Phase Modulation, 189
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