Design and Development of Dynamic Bandwidth Allocation

Algorithms for Power Efficient Optical Access Networks

Sukriti Garg

Bharti School of Telecommunication Technology and Management

Indian Institute of Technology Delhi, New Delhi

October 2022



Design and Development of Dynamic Bandwidth Allocation

Algorithms for Power Efficient Optical Access Networks

Dissertation submitted in fulfilment

of the requirements for the degree of

Doctor of Philosophy

by

Sukriti Garg

Under the guidance of
Prof. Abhishek Dixit

Bharti School of Telecommunication Technology and Management

Indian Institute of Technology Delhi, New Delhi

October 2022



© Indian Institute of Technology Delhi (IITD), New Delhi, 2022.



1o family and friends






Certificate

This is to certify that the dissertation entitled “Design and Development of Dynamic Band-
width Allocation Algorithms for Power Efficient Optical Access Networks” submitted by
Sukriti Garg (2016BSZ8041) for the award of the degree of Doctor of Philosophy, is a
record of bonafide research work carried out by her at Bharti School of Telecommunication
Technology and Management, Indian Institute of Technology Delhi, New Delhi, India, during
the academic session 2016-2021 under my supervision and guidance. The results contained
in this dissertation have not been submitted either in part or in full to any other University or
Institute for award of any other degree. In my opinion, this dissertation is of standard required

for the award of the degree of Doctor of Philosophy.

Prof. Abhishek Dixit

Department of Electrical Engineering
Indian Institute of Technology Delhi
Hauz Khas, New Delhi, 110016, India

Date:
Place: New Delhi






Acknowledgements

Enumerating and enlisting all the individuals whose contributions went into the making of

the dissertation is a very difficult task.

Foremost, very sincere and honest words of thanks for Prof. Abhishek Dixit, my PhD
supervisor at Indian Institute of Technology Delhi, for his invaluable suggestions and ideas
during my PhD. It is his wisdom, clarity of thoughts, and support that motivated and guided
me to bring this dissertation in its present state. His immense knowledge and plentiful expe-
rience has encouraged me in all the time of my academic research and daily life. He has not
only taught the fundamentals essential for presenting such a dissertation but has also helped
me to develop as an individual. The values inculcated and the management skills imparted

by him have been of immense help at every point of my career.

I would like to thank my student research committee members, Prof. Vivek Venkatraman,
Prof. Subrat Kar, and Prof. R. K. Varshney for their valuable feedback and suggestions during

my end semester presentations. I have benefited greatly from their wealth of knowledge.

I have been fortunate to meet many good friends at IIT Delhi. The long and painful hours
spent on this dissertation became an entertainment with Sonali and Kshitiza. Without their
support this work would not have been completed. I am thankful to them for having valuable
discussions and giving encouragement whenever I needed. I would like to thank Rishu and
Nitin sir for helping me in every possible way. I am also thankful to all friends who made my
IIT journey unforgettable one. I would also like to thank Rajesh sir, Neeru ma’am, and Negi
sir, the staff of Photonics lab and Optical communication lab here at IIT Delhi for maintaining

a research friendly and secure atmosphere in the lab even during the tough covid times.

Lastly, I would like to express my heartfelt appreciation to my husband Saurabh for his

il



love, understanding, and generous support during these years. I am grateful to him for being
besides me in my lows and highs and for the sacrifices he made in order for me to pursue
a PhD degree. I am also thankful to my family (my mother, father, brother and in-laws) for
their indispensable support, blessings and encouragement in every decision that I take in my
life.

Sukriti Garg

il



Abstract

With the increase in the subscribers of high-definition multi-media applications, mobile back-
hauling, and content-rich cloud services, the data rate requirement of the access network is
increasing exponentially. Passive optical networks (PONs) are becoming a prominent solu-
tion due to their high data rate support and economic nature. At this moment, there are several
PON flavors — time division multiplexed (TDM) PON (such as Ethernet PON (EPON), Giga-
bit PON (GPON)), wavelength division multiplexed (WDM) PON, and time and wavelength
division multiplexed (TWDM) PON. Power efficiency is an essential attribute of these PON
technologies, not only for reducing operational expenditures but also for the carbon footprint.
In this dissertation, we keep power efficiency as the foremost attribute and optimize the most

power-efficient PON for other performance parameters like delay and packet loss rate.

Thus, the first task in the dissertation is to search for the most power-efficient PON solution,
which is accomplished by evaluating the currently available power-efficient mechanisms. The
power efficiency of a PON solution can be minimized in several ways, e.g., optimal PON
dimensioning, sleep modes, and designing next-generation power-efficient PON candidates,
like bit-interleaved PON (Bi-PON), wavelength split TWDM-PON, and wavelength-switched
TWDM-PON. Some of these efforts can also be combined. A natural question thus arises
what are the power savings of these various mechanisms, and are there some synergy gains

if these efforts are combined?

In this dissertation, we propose analytical models for evaluating the power-saving poten-
tials of optimal PON dimensioning, sleep modes, and next-generation PON candidates like
Bi-PON, wavelength split, and wavelength switched TWDM-PON. For optimal PON dimen-
sioning, we consider a promised grade of service to the users. Additionally, to explore the

sleep mode functionality, we consider state-of-the-art dynamic bandwidth allocation (DBA)
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algorithms like sleep mode aware (SMA) and hybrid sleep mode aware (HSMA). We then
propose the power models to assess the power efficiency of sleep modes in combination with
the optimal dimensioning. In addition, we further extend these mechanisms to the next-
generation PON candidates and evaluate the power-saving potentials. Furthermore, we val-
idate all these analytical models with the simulation results to show the proposed models’
accuracy. After comparing the power consumption of all these technologies, we found that

architectures using TWDM-PON technology are the most power-efficient.

Super passive optical network (Super-PON, Ethernet counterpart of TWDM-PON), a promi-
nent next-generation Ethernet PON (NG-EPON) candidate, is envisaged to provide high data
rate and low latency. To support such requirements, Super-PON employs multiple wave-
lengths. The over-and under-utilization of these wavelengths impacts the network perfor-
mance. Hence, there is a need to manage these wavelengths and their bandwidth correctly.
For NG-EPON, two types of algorithms manage bandwidth and wavelength scheduling,
namely offline and online. The online algorithms are generally more efficient at keeping
the delay of the network below the desired threshold. On the other hand, offline algorithms
can employ power-efficient mechanisms with lower complexity. We use the online algo-
rithms for business users (or those requiring advanced services like tactile Internet, etc.), for
whom delay is the most critical network performance parameter. On the other hand, we use
offline algorithms to minimize power consumption for residential users, for whom delay is
less necessary. In this dissertation, we first propose an online algorithm and later propose

three offline algorithms.

Several online algorithms exist that propose schemes to manage wavelength and bandwidth
scheduling. However, these algorithms lack efficient wavelength utilization and switching.
We propose a novel online bin-packing based dynamic bandwidth and wavelength allocation
(DBWA) algorithm for Super-PON, namely updated best fit bin-packing (UBF-BP). This al-
gorithm limits the wavelength switching per cycle and uses the modified version of the best fit
bin-packing (BF-BP) technique for optimal wavelength allocation. Simulation results show
that the proposed DBWA algorithm has low complexity and overcomes the inefficiencies of
wavelength utilization and switching. This results in lower network delay (approx. 50% less)
and higher channel utilization (approx. 5% more) than the state-of-the-art DBWA. Further-
more, to verify the correctness of the proposed algorithm, we propose an analytical model

and validate these simulation results with the analytical results.



As mentioned before, Super-PON employs many transceivers that also increase the power
consumption of the network. Therefore, to reduce the carbon footprint of Super-PON, we
propose power-efficient offline DBWA algorithms, namely, first fit bin-packing SMA (BP-
SMA), best fit bin-packing SMA (BF-SMA), and updated BF-SMA (UBF-SMA). The pro-
posed algorithms use SMA for bandwidth scheduling and different bin-packing techniques
for wavelength allocation. In bin-packing, the number of available wavelengths and their effi-
cient allocation is based on the network load. To restrict the number of available wavelengths,
we can switch off the non-essential transceivers at the OLT, which also helps in maximizing
the wavelength utilization and power efficiency. The simulation results show that compared
to the state-of-the-art DBWA algorithms, the proposed algorithms improve the power effi-
ciency (approx. 9% more) and reduce the average delay (approx. 50% less) of a Super-PON
system. Furthermore, we use Jain’s fairness index to validate the fairness of the proposed

DBWA algorithms.
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